





A Testbed For The Imagination 



Simulation and modeling 
software for designing 
large, complex systems. 


System complexity... ever increasing, it requires sophisticated 
tools for its management. And, as complexity increases, the costs 
of flawed design decisions increase with it. 

If you design... complex hardware systems, software systems, 
communications systems, or VLSI circuitry, you know the 
consequences of discovering a subtle flaw late in the develop¬ 
ment cycle. 

What if. ..you had an easy to use, elegant tool that could 
determine the impact of design decisions when they are made, 
not weeks or months later? 

Introducing. ..a multi-level simulation, modeling, and design 
evaluation tool that will let you test your ideas, not regret them: 
SES /workbench. 


Reader Service Number 1 


Call 512-474-4526, write to us 
or check the reader response 
card for more information. 


Test the design, not just the end product. 

Scientific and Engineering Software, Inc. 

1301 West 25th, Suite #300, Austin, Texas 78705 
Phone: 512/474-4526 Fax: 512/479-6217 



See us at the Design Automation Conference in Las Vegas, June 25-29. 






NEW FOR NETWORK ANALYSTS 



COMNET II.5 now predicts the performance 
of your SNA, DECNET, X.25, ISDN or other 
packet, message, or circuit switching network 

Free trial and, if you act now, free training 


C OMNET II.5 uses simulation 
to predict your network per¬ 
formance. You simply describe your 
network, traffic load, and routing 
algorithms. 

Animated simulation follows im¬ 
mediately-no programming. 

Easy-to-understand results 
You get an animated picture of 
your network. Routing choices and 
changing levels of network utiliza¬ 
tion are apparent. 

Your reports show response 
times, blocking probabilities, call 
queueing and packet delays, net¬ 
work throughput, circuit group 
utilization, and circuit group queue 
statistics. 

Computers with COMNET n.5 

COMNET II.5™ is available for 
most PC’s, Workstations, and 
Mainframes. 


Your network simulated 

You can analyze any computer or 
communication network which uses 
circuit, message, or packet switch¬ 
ing. Virtual-circuit or datagram 
operation can be modeled. 

Alternate-routing and adaptive 
shortest-path routing algorithms are 
built-in. 

Seeing your proposed network 
animated increases everyone’s 
understanding of its operation and 
builds confidence in your results. 

Immediate free trial information 

The free tried contains everything 
you need to try COMNET II.5 on 
your computer. If you act now we 
will include free training. 

Call Kelly Cox at (619) 457-9681, 
FAX (619) 457-1184. In Europe, 
call Richard Eve on (01) 528-7980, 
FAX (01) 528-7988. 


Free trial offer 


Free trial- see for yourself how COM¬ 
NET II.5 quickly answers communication 
network performance questions. 

Limited offer-Act now for free training. 
□ Send information on your Special Uni¬ 
versity Offer. 


Organization 


Address 


City_State Zip 

Telephone_Computer 


Return to: IEEE COMP 

CACI Products Company 

3344 North Torrey Pines Court 

La Jolla, California 92037 

Call Kelly Cox at (619) 457-9681. 

FAX (619) 457-1184. 

In Europe: 

CACI Products Division 

Regent House, 89 Kingsway 

London WC2B 6RH, United Kingdom 

Call Richard Eve on (01) 528-7980. 

FAX (01) 528-7988. 


COMNET II.5 is a trademark and service mark of 
CACI, INC. 

©1989 CACI, INC. 
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ARTICLES 


*1 4 Guest Editors’ Introduction: Autonomous Intelligent Machines 

"*■ S. Sitharama Iyengar and Rangasami L. Kashyap 

'1 Q Ambler: An Autonomous Rover for Planetary Exploration 

” John Bares, Martial Hebert, Takeo Kanade, Eric Krotkov, Tom Mitchell, Reid Simmons, and William Whittaker 
Highly self-reliant, this six-legged robot will prioritize its goals and decide on its course of action as it explores 
the rugged terrain of a place like Mars. 

2Q Autonomous Mobile Robot Navigation and Learning 

™ C.R. Weisbin, G. de Saussure, J.R. Einstein, F.G. Pin, and E. Heer 

Having prototyped an autonomous robot that can perceive, plan, navigate, handle contingencies, learn, and manipulate, 
researchers are looking ahead to machines that will approach human-scale performance. 

Q *7 Algorithmic Framework for Learned Robot Navigation in Unknown Terrains 

* Nageswara S. V. Rao 

Our algorithmic framework solves the visit problem and the terrain model acquisition problem, allowing learned navigation 
of a point body through unknown terrain. 

4LR Using Occupancy Grids for Mobile Robot Perception and Navigation 

Alberto Elfes 

The occupancy grid framework provides a robust and unified approach to a variety of problems in spatial robot perception and 
navigation. 

EJ Q Controlling the Adaptive Suspension Vehicle 

Thomas E. Bihari, Thomas M. Walliser, and Mark R. Patterson 
An experimental legged vehicle helps us explore the capabilities of advanced robotic vehicles. 

An on-board multiprocessor translates the driver’s simple commands into complex vehicle motions. 

R H Neural Learning of Constrained Nonlinear Transformations 

" Jacob Barhen, Sandeep Gulati, and Michail Zak 

A new theoretical framework for computational learning uses artificial neural networks with terminal attractor dynamics. 

It is being applied to analyzing inverse kinematics of redundant manipulators. 

H Q A Predictable Real-Time Kernel for Distributed Multisensor Systems 

* " Insup Lee, Robert B. King, and Richard P. Paul 

Complex robotics applications include many physically distributed components, like manipulator arms and sensors. 

This real-time kernel was developed to support distributed robotics applications requiring predictable timing behavior. 

Q K Building an Environment Model Using Depth Information 

^ ■ Yuval Roth- Tabak and Ramesh Jain 

Modeling the environment is crucial in autonomous robot research. 

A newly introduced algorithm uses dense range data to generate and update a 3D environment model. 

O'! A Vision System for Robotic Inspection and Manipulation 

*“* “*■ Mohan M. Trivedi, ChuXin Chen, and Suresh B. Marapane 

This model-based vision system analyzes gray-scale images for spectral, spatial, and relational features, 
allowing autonomous robotic inspection and manipulation in a variety of industrial environments. 
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Cover photo 
robots — M; 

Sea Rover — ni 
Computer M 
Theater; photo by Steve Nelson, Fay 
Foto. See “About the Cover,” p.4, 
for details on the museum’s multime¬ 
dia production involving over 25 
robots. 


Cover design: Jay Simpson, Design & 
Direction 


In the next issue 


Image-processing benchmark results; 
vector processors; pipelined instruc¬ 
tion processing; alternatives to the 
ubiquitous RAM; design recovery; 
synchronization methods for parallel 
computers 
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About the cover: 

Smart Machines Theater 
features over 25 historical robots 


At the Computer Museum in Boston, Massachusetts, more 
than half an acre of hands-on and historical exhibits demon¬ 
strate the extraordinary changes in the size, capability, appli¬ 
cation, and cost of computers in the last four decades. 
Museum galleries span computer technology from vacuum 
tubes, to transistors, to ICs, and, since the opening of the 
Smart Machines Gallery in June 1987, to robotics and artifi¬ 
cial intelligence. 

Within the Smart Machines Gallery are 25 interactive 
exhibits and the Smart Machines Theater, where more than 
25 research robots “come to life” in a 10-minute multimedia 
presentation. The photo at right shows seven of the robot 
stars, gathered on the museum steps shortly before their 
theatrical debut. 

In the back row, the photo shows the Mars Rover, devel¬ 
oped for NASA for unmanned trips to Mars; Omnibot (with 
shopping bag), a sophisticated robot toy that can be pro¬ 
grammed to move, talk, and carry objects; SRI Interna¬ 
tional’s Shakey, the first mobile robot to “perceive” its 
environment and “reason” about its actions; and the Den¬ 
ning security robot, which can patrol an entire building using 
sonar and microwaves to guide itself. 

In the middle are Sea Rover, which can dive to depths of 
up to 120 meters and travel at 1.5 knots while relaying color 
video pictures from under the sea, and RB5X, General 
Robotics’ fully programmable robot designed to teach the 
principals of robotics and AI in the classroom. 

Shown in front is Spider, a star in the movie Runaway. 



AUTOMATION TECHNOLOGIES 

Arthur D. Little's Technology Resource Center in Washington, D.C., now in 
its sixth year, is seeking individuals who have demonstrated superior 
performance in their field. We have openings for: __ 


• Pattern Recognition 
Scientist/Engineer 

Successful applicant should have experience in the devel¬ 
opment of pattern recognition algorithms particularly for 
character recognition. Background in Artificial Intelligence 
techniques applied to vision systems and hands-on experience 
with real-time implementation is desirable. 

This position requires an MS or Ph.D. degree and at least 5 
years of experience in either a research or industry en¬ 
vironment. 

• Electrical Engineer 

In this position you will be working as part of an interdiscipli¬ 
nary team developing automated and robotics systems in sup¬ 
port of the USPS Advanced Research Program for improving 
mail sorting operations. You will work closely with our client 
and provide technical support to projects in real-time pattern 
recognition systems. You will also participate in on-site reviews 
at many institutions in industry and academia. A Master's in 
Electrical Engineering and at least 5 years of experience is 
required. 

Ideal candidate must have experience designing digital 
image processing systems and implementing algorithms in 
real-time systems. Experience with transputers is highly 
desirable. You need to be able to work on multiple assign¬ 
ments while setting priorities and contributing technically. Out¬ 
standing oral and written skills required. 


cal 




l / 







Arthur D. Little's Technology Resource Center is providing 
long-term advanced technology planning and development 
support for the U.S. Postal Service. This includes support of 
a contract research program on new automation technolo¬ 
gies to improve the efficiency of mail handling, transporta¬ 
tion and other postal services. 

As part of the Technology Resource Center, the successful 
applicants will work closely with the client in developing a 
research plan for work by investigators at many institutions, 
monitoring progress and research performance and participating 
in on-site design reviews. There are opportunities for analysis 
and advanced development of state-of-the-art components 
and systems. These high-visibility positions offer opportunities 
for direct client contact, participation in high-level planning, and 
work in a stimulating, multidisciplined research environment. 
Arthur D. Little, lnc/s compensation program provides 
a comprehensive benefit package including medi¬ 
cal/dental coverage, profit sharing, and a generous 

If you are interested in exploring employment oppor¬ 
tunities with us. send a resume to Jeffrey D. Chattier, 
Arthur D. Little, Inc., 20 Acorn Park, Cambridge, MA 
02140. We are an equal opportunity employer. 


Arthir D Little 
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C DEBUGGER $89.95 C COMPILER $89.95 C+ + COMPILER 


Zortech’s Debugger is the most 
sophisticated source level debugger now 
available. Because it is fully compatible 
with CodeView you can use it to debug _____ 
Zortech or Microsoft programs. 

Single step through source in one \ ® *... a 9_9& 
window while watching the variables \ + ' —i 

(inc. automatics) change value in 
another window. You can even alter 
variables dynamically while the program 
executes. 

Much better than CodeView, and full of 
advanced features like dual monitor, EMS 
memory and Mouse support. Call for data 
sheet. 


C VIDEO $299.95 

Learn C Now! When you buy our C 
Course the first lesson you learn is in 
economics. You will save yourself or your 
company hundreds of dollars in seminar 
tuition fees. 

You get ten one hour tapes containing 36 
lessons ranging from the beginners 
introduction through to more advanced 


ler 
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The most advanced C compiler I 
money can buy. No junk - just 
pure performance. 

Magazines are too 
embarrassed to 
print our optimized I 
benchmark results - 
they don’t want to upset 
the big guys! 

The 600 page manual comes with a great 
introductory section and lots of solid tech¬ 
nical data and examples. Fully compatible 
with CodeView and the new Zortech 
C Debugger. You get over 400 functions 
and the Flash Graphics package with 
drivers for Flercules, CGA, EGA and VGA 
- the fastest graphics library available! 
Context Sensitive Help, an advanced 
editor/environment, make, touch, five 
memory models, linker & librarian. Library 
Source only $89.95 - Call for data sheet. 


$149.95 


ZC/TC/MSC TOOLKITS 
from $49.95 

; Please state which compiler you have. 


Great for learning C! Any compiler and 
a ny operating syst em. Complete with 365 
([page woii<book (addi¬ 
tional copies available 
l at $29.95) and free 
1 Zortech C compiler - 
1 Call for data sheet. 



All our products are covered by 
an extensive FREE technical 
support hotline which is open 
five days a week from 9.00 till 
5.00 (EST) 

USA HOTLINE 
617-646-6703 
Fax: 617-648-9340 

OUTSIDE USA 
44-423-501552 (England) 

Fax: 44-423-530746 (England) 


COMMS- $99.95 

Full Communications library with support for 
up to 8 ports, Xmodem, Kermit, ANSI, VT52, 
VT100, up to 38,400 baud, etc. 120 page 
manual. 

BTREE- $79.95 

A database function library for C, complete 
with example program and over 50 functions. 
Easy to use with 92 page manual. 
WINDOWS -$69.95 

Enhance your application with easy to use 
multiple text windows. Full demo program 
including 90 page manual. 

PROSCREEN -$69.95 

Generates C source code for your application 

from screens that you draw. Too many 


HOTKEY -$69.95 

Write memory resident applications with this 
TSR function toolkit. Includes example progs. 
SUPERTEXT -$49.95 
WordStar compatible wordprocessor with 
full source code and 256 page manual. 
Over 150 functions. 

CHESS -$49.95 

Learn to write Chess games with this toolkit 
(contains full source). Also includes 
Backgammon and 150 page manual. 
Please request full data sheets. 


C Primer (Sams)- $; 

Advanced C Primer (Samsf^: 

G++ (Stroustrup) - $29.95 
Oops & C++ (Wiener) - $27.95 

ORDER 
HOTLINE 
1 - 800 - 848-8408 

VISA/MC/COD 

Prices do not include shipping 

Reader Service Number 2 

Zortech, Inc., 1165 Massachusetts A^u&sArlingtonWAA 02174. (617^^6703. Fax: (617)-643-7969. 
Outside USA: Zortech Ltd., 106-108 Powis Street, London SE18 6LU, England. (44'-1)-316 7777. Fax: (44-1)-316 4138. 


This is the world’s only true C++ compiler 
for MS-DOS machines - there is no choice. 

Not to be confused with ‘translators’ which 
are slow, expensive, inefficient and not 
real C++ compilers. 

More people use Zortech’s C++ than any 
other C++ on any operating system. 

Zortech strives to ensure full compatibility 
with AT&T C++. 

Zortech C++ contains all the features of 
Zortech C including the C compiler itself 
at no extra cost. Everything is in one neat 
package. Compatible with CodeView and 
the new Zortech Debugger. C+ + Library 
Source only $149.95 - Call for data sheet. 

BVTE 
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1988 WINNER 


C++ TOOLS $99.95 

Zortech’s toolkit of base C++ classes 
covering a wide range of common 
programming tasks such as bit vectors, 
singly and doubly linked lists, dynamic 
and virtual arrays, binary search tree, 
hash table, BCD maths, time/date/clock, 
directory lists, filenames, interrupt and 
critical error handlers, string editing, text 
windows and editing. 

The 450 page manual also acts as a C++ 
tutorial which introduces the C 
programmer to the world of C++. Callfor 



















Technically substantive reviews 
involve over 1,100 referees 


Computer publishes manuscripts 
dealing with all aspects of computer 
science, engineering, technology, and 
applications. It is aimed at a broad 
audience. Articles in Computer are 
often surveys or tutorials covering the 
state of the art or important emerging 
developments. Computer'll referenced 
extensively in the literature, and one of 
its important purposes is to act as a 
technology-transfer conduit to bring 
results and formalisms from university, 
industry, and government research and 
development centers to general practi¬ 
tioners in the field. 

During 1988, over 1,100 people gave 
freely of their time and technical exper¬ 
tise to referee manuscripts for consider¬ 
ation for publication in Computer. In 
addition, the Editorial Board members 
and department editors have given an 
extraordinary amount of their time to 
maintaining the high standards I have 
set for the magazine. 

Those of you who have written tech¬ 
nical papers know from experience how 
much time and effort it takes to develop 
a manuscript that is both readable and 
technically relevant. You also know 
how important a good, detailed review 
is in improving its overall quality and 
utility. 

I do not take the refereeing of 
manuscripts lightly. Typically, a manu¬ 
script submitted to Computer is sent for 
review to six people who are actively 
working in the topic area. The guest 
editors and 1 expect referees to make 
constructive, detailed comments that 
will help the author(s) to 

(1) correct errors and misconceptions; 

(2) state appropriate, accurate, and 
relevant conjectures and results; 

(3) employ better definitions, dia¬ 
grams, tables, graphs, and examples; 

(4) use a minimum of contemporary, 


relevant, and essential references; 

(5) make the article technically con¬ 
sistent and complete; and 

(6) organize the material to help the 
reader understand the issues presented. 

If a referee does not cover at least 
several of these issues, I usually reject 
the report. I then submit the manuscript 
to additional reviewers, just as I do if 
the referees give conflicting views. We 
expect a strong consensus to publish a 
manuscript before accepting it. 

Doing this type of detailed, insightful 
referee’s report takes time and effort, 
but the payoff — publication of techni¬ 
cally substantive, timely articles — 
benefits Computer’s entire readership. 
Thus, having technically responsible 
referees is critically important to the 
magazine’s livelihood. 

Completing the review can be a 
lengthy process. Some manuscripts have 
been in this process for over a year 
(counting time for author revisions, 
which are also placed in review), but the 
majority of manuscripts complete the 
process in four to six months. This is an 
enviable record considering the stan¬ 
dards employed and number of people 
involved. 

If you would like to be a part of this 
worthwhile endeavor, please circle num¬ 
ber 190 on the Reader Service Card or 
send me your name, address (both phys¬ 
ical and electronic), phone number, 
subject area (according to the Comput¬ 
ing Reviews Classification System), and 
number of articles per year you can 
review. 

1 acknowledge and thank the referees 
(listed at right and on the following 
pages), my Editorial Board, and my 
department editors for their efforts on 
Computer’s behalf. 

Bruce D. Shriver 

Editor-in-chief 


1988 referees for 
Computer 

M. Abdelguerfi, Univ. of Detroit 
Timothy C. Abel, Champlin Petroleum 
Santosh Abraham, Univ. of Mich. 

Miron Abramovici, AT&T Bell Labs 

Joel William Achramowicz, Hewlett Packard 

Evans J. Adams, E. Tenn. State Univ. 

J. Mack Adams, NSF 

Stuart J. Adams, Charles Stark Draper Lab 

Sadashiv Adiga, UC Berkeley 

Tadashi Ae, Hiroshima Univ., Japan 

Sudhir Aggarwal, Bell Comm. Research 

Gul Agha, Yale Univ. 

Alice M. Agogino, UC Berkeley 
Dharma P. Agrawal, N.C. State Univ. 
Vishwani Agrawal, AT&T Bell Labs 
Prathima Agrawal, AT&T Bell Labs 
William W. Agresti, Wash. C3I Div. 

Demetrio Manuel Aguero, Buenos Aires 
Hideo Aiso, Keio Univ., Yokohama 
Marco Ajmone-Marsan, Politecnico Di 
Torino, Italy 

Ibrahim K. Akman, Middle East Tech. 

Univ., Ankara 

Hasan S. Alkhatib, Santa Clara Univ. 

Vicki Hurst Allan, Utah State Univ. 

Frances Allen, IBM 

Dennis R. Allison, Stanford Univ. 

Hideharu Amano, Keio Univ., Yokohama 
V. Ambriola, Carnegie Mellon Univ. 

Vincenzo Ambriola, Univ. di Pisa, Italy 
Thomas Anderson, Univ. of New Castle 
Upon Tyne, UK 
William Anderson, Xerox 
Ed P. Andert, Yorba Linda, Cal. 

Richard Andrew, Cranfield Inst, of Tech., UK 
Michael Andrews, Space Tech. Corp. 

Timothy Andrews, Ontologic 
Suleyman Anil, ITT SET, Latina, Italy 
Narasimhareddy L. Annapareddy, Univ. of 
Ill., Urbana 

Lisa M. Anneberg, Dearborn, Mich. 

Keith D. Anthony, Wright Patterson AFB 
Peter M.G. Apers, Univ. of Twente, The 
Netherlands 

William Applebe, Georgia Inst, of Tech. 
Guillermo F. Arango, Tech. Res. of Finland 
Farhad Arbab, USC 

Cy D. Ardoin, Inst, for Defense Analyses 
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Godefridus J. Arink, Philips Medical Sys¬ 
tems, The Netherlands 
Ronald C. Arkin, Georgia Inst, of Tech. 
Yaman Arkun, Georgia Inst, of Tech. 

Jim Armstrong, Va. Polytechnic Inst. 

Boris Aronov, New York, New York 
Geoffrey C. Ashton, Univ. of Hawaii 
Brent Auernheimer, Cal. State Univ., Fresno 
James H. Aylor, Univ. of Va. 


Robert C. Babb II, Oregon Graduate Center 
Robert L. Baber, Homburg, FRG 
Norm Badler, Univ. of Penn. 

Jean-Loup Baer, Univ. of Wash. 

Denis Baggi, UC Berkeley 
Chanderjit Bajaj, Purdue Univ. 

Reuven Bakalash, SUNY, Stony Brook 
Allen F. Baker, Augusta College, Georgia 
Ted P. Baker, Florida State Univ. 

Osman Bald , Va. Tech, Blacksburg 
Somnath Banerjee, Texas Instruments 
Alan P. Bangs , Asset Consultants 
Abdul Baqui, Fluor 
Paul Baracos, Montreal, Canada 
Herb Barad, Tulane Univ. 

Mehmet Baray, Bilkent Univ., Turkey 
Mario Barbacci, Carnegie Mellon Univ. 

Jim Barber, AT&T 

Roberto Barbuti, Universita di Pisa, Italy 
Naser Barghouti, Columbia Univ. 

Richard Bartels, Univ. of Waterloo, Canada 
Zeev Barzilai, IBM 
Victor Basili, Univ. of Md. 

M.A. Bassiouni, Univ. of Central Florida 
Farokh B. Bastani, Univ. of Houston 
Geoffrey Bate, Santa Clara Univ. 

Joachim Bauer, IBM Lab Benningen, FRG 

Michael A. Bauer, Univ. of Western 

Ontario, Canada 

Wulf Bauerfeld, Berlin, FRG 

Ira Baxter, UC Irvine 

Jatinder Singh Bedi, Wayne State Univ. 

David Beech, Hewlett-Packard 

George Bekey, USC 

David G. Belanger, AT&T Bell Labs 

Geneva Belford, Univ. of Ill., Urbana 

Rich Belgard, Saratoga, Cal. 

Boumediene Belkhouche, Tulane Univ. 
William Bell, Ontario, Canada 
Fevzi Belli, Hochschule Bremerhaven, FRG 
Jonathan Ben-Avraham, Rehovot, Israel 
Brian T. Bennett, IBM 
John K. Bennett, Rice Univ. 

Robert James Bennett, Yourdon 
Eric John Berglund, Stanford Univ. 

Richard L. Bernacchi, Irell & Manella 
Robert L. Bernstein, IBM 
P. Bruce Berra, Syracuse Univ. 

Dan Berry, Technion, Israel 

Edward H. Bersoff, BTG, Vienna 

Elisa Bertino, Pisa, Italy 

Valdis Berzins, Naval Postgraduate School 

Alfs T. Berztiss, Univ. of Pittsburgh 

Oliver E. Bessette, Optical Disk Programs 

Bharat Bhargava, Purdue Univ. 

K.V. Bhat, AT&T Bell Labs 

Laxmi N. Bhuyan, Univ. of Southwestern 

Louisiana 


James M. Bieman, Iowa State Univ. 

Frank Biemans, North American Philips 
Martin J. Biernat, AT&T Bell Labs 
Ted Biggerstaff, MCC 
Thomas E. Bihari, Adaptive Machine Tech. 
Alexandros Biliris, Boston Univ. 

Kent D. Bimson, Lockheed Software Tech. 
Thomas Binford, Stanford Univ. 

Stephen Binkley, Sandia Nat’l Labs 
Frank Binnendyk, Mentor Graphics 
Samuel J. Biondo, Gaithersburg, Md. 

Abbas Birjandi, Northeastern Univ. 

Yitzhak Birk, IBM 

Roberto Bisiani, Carnegie Mellon Univ. 

Dines Bjorner, Dansk Datamatik Center, 
Denmark 

Mark R. Blackburn, Allied Signal 
Rodger Blair, Carnegie Mellon Univ. 

Michael W. Blasgen, IBM 
Meera M. Blattner, Lawrence Livermore Lab 
Paul Blackwell, Univ. of Missouri-Columbia 
Jim Blinn, Jet Propulsion Laboratory 
J.A.K. Blokland, Leiden Univ. Hospital, 

The Netherlands 

Robert M. Blonchek, Linthicum, Md. 

Bruce I. Blum, Johns Hopkins Univ. 

Patrick O. Bobbie, Univ. of West Florida 

Daniel G. Bobrow, Xerox PARC 

Susanne Bodker, Aarhus Univ., Denmark 

W. Bohm, Univ. of Manchester, UK 

Shahid H. Bokhari, Univ. of Engineering & 

Tech., Pakistan 

Sandro Bologna, Rome, Italy 

Axel P.M.C. Bonaert, Brussels, Belgium 

Duane S. Boning, MIT 

Grady Booch, Rational Machines 

John H. Boose, Boeing Computer Services 

Donald Bouldin, Univ. of Tenn. 

Nikolaos G. Bourbakis, George Mason 

John B. Bowen, Hughes Aircraft 
Malcolm H. Brantz, Univ. of Conn. 

Howard Brauer, IBM 

John Breiland, Bell Labs 

Alfred E. Brenner, Inst, for Def. Anal. 

John Briggs, Evans and Sutherland 
Peter Briggs, US West Advanced Tech. 

Bob Britcher, IBM 
Fred Brooks, Univ. of N.C. 

Ruven Brooks, Schlumberger-Doll Res. 

Marc H. Brown, DEC 

Tim Brown, Univ. of Hawaii 

Bertram Bruce, BBN Labs 

Kim Bruce, Williams College 

Giorgio Bruno, Politecnico di Torino, Italy 

R. Bryant, IBM 

Fletcher J. Buckley, GE Aerospace 
Richard E. Buehrer, Institut fuer Elektronik, 
Switzerland 

Duncan Buell, Inst, for Def. Anal. 

William G. Bulgren, Univ. of Kansas 
Richard B. Bunt, Univ. of Saskatchewan, 
Canada 

Clifford G. Burgess, Univ. of Southern Miss. 

Michael G. Burke, IBM 

Fred Burnette, Jet Propulsion Lab 

Jon T. Butler, Naval Post Graduate School 

Steven Burner, UC Santa Barbara 

John N. Buxton, King’s College, London 


Marty Cagan, Hewlett-Packard 
Alberto R. Calero, Hewlett-Packard 
Jacques Calmet, Universitat Karlsruhe, FRG 
Thomas Calvert, Simon Fraser Univ., 
Canada 

David K. Campbell, Los Alamos Nat’l Lab 
Mike Caplinger, Ariz. State Univ., Tempe 
Peter C. Capon, Univ. of Manchester, UK 
Patricia Carando, Schlumberger-Doll Res. 
Robert Carasik, Pacific Bell 
Michael Carey, Univ. of Wise., Madison 
Homer Carlisle, Auburn Univ. 

Loren Carpenter, Pixar 

Juan Carrera, Dallas, Texas 

Richard P. Case, IBM 

Richard M. Casey, Ala. Supercomputer 

Center 

Massimo Casilli, Cerea, Italy 
Patrick J. Caudill, Tektronix 
Zeynep Celik-Butler, S. Methodist Univ. 
Nick J. Cercone, Univ. of Victoria, Canada 
Edward Cerny, Univ. of Montreal 
Donald D. Chamberlin, IBM 
Kanianthra M. Chandy, Univ. of Texas, 
Austin 

Ifay F. Chang, Nat’l Univ. of Singapore 
Raja Chatila, LAAS-CNRS, France 
Rahul Chattergy, Univ. of Hawaii 
Rama Chellappa, USC 
Pehong Chen, Olivetti Res. Center 
Albert Mo Kim Cheng, Univ. of Texas, 
Austin 

Wu-Tung Cheng, AT&T 
David Cheriton, Stanford Univ. 

Donald Chiarulli, Univ. of Pittsburgh 
Ram Chillarege, IBM 
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Guest Editors’ Introduction 



T oday, the robotics and automa¬ 
tion community is being swept by 
broad, pervasive technological 
demands. The successful deployment of 
industrial teleoperated and reprogramma¬ 
ble robots is leading to interest in expand¬ 
ing this technology to more-exacting 
scientific applications in remote unstruc¬ 
tured and hazardous environments. This 
spurt in research activity is motivated both 
by technoeconomic objectives (i.e., 
enhanced productivity, profitability, and 
quality) and by a desire to replace humans 
for the performance of hazardous, strenu¬ 
ous, or repetitive tasks. In particular, next- 
generation robots are targeted for applica¬ 
tions such as deep-sea mining and salvage 
operations, servicing/assembly tasks in 
space, and maintenance activities in 
radiation-prone nuclear plants and toxic 
environments. 

These application domains, however, 
entail levels of anthropomorphic capabil¬ 
ity, flexibility, dexterity, and paradigmatic 
complexity far exceeding those provided 
by current technology. For example, exist¬ 
ing robots require work pieces to be 
indexed within tolerances that match the 
accuracy of the robot. They are also 
limited in their ability to detect/correct 
errors and to navigate in nonstationary 
environments. Achieving real-time oper¬ 
ational responses in a semiautonomous 
decision environment characterized by 
severe constraints on size, weight, and 
power consumption will require signifi¬ 
cantly enhanced, metafunctional sensing, 
perception, and decision-making capabil¬ 
ities. Machine learning, reasoning under 
uncertainty, explanation and interface 
technology, on-line knowledge acquisi¬ 
tion, hierarchical control of multiple 
knowledge-based systems, and distributed 
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cooperation among knowledge-based sys¬ 
tems are a few of the broad areas to be 
addressed before the realization of 
autonomous intelligent machines. 

Levels of autonomy. Before we dwell on 
the attributes of and the technological 
challenges posed by the development of 
autonomous intelligent machines, we will 
briefly characterize the evolution of robots 
in terms of levels of autonomy. 

• The first level is teleoperation — the 
extension of a person’s sensing and manip¬ 
ulating capabilities to a remote location 
under his or her direct and continuous 
control. 

• The next level, telesensing, involves 
sensing additional information about the 
teleoperator and task environment and 
then communicating this information to 
the human operator in a sufficiently nat¬ 
ural way that he or she feels physically 
present at the remote site. 

• The third level is that of telerobotics. 
According to Tom Sheridan, 1 in a tele- 
robotic environment the human opera¬ 
tor acts merely as a supervisor, intermit¬ 
tently communicating to a computer 
information about goals, constraints, 
plans, contingencies, assumptions, sugges¬ 
tions, and orders relative to a limited task, 
and getting back information about 
accomplishments, problems, concerns, 
and, as requested, raw sensory data. The 
subordinate telerobot executes the task 
based on information received from the 
human operator and augmented by its own 
artificial sensing and intelligence. 

• The last level, that of intelligent 
autonomous robots, presents an extre¬ 
mum in terms of autonomy. The operator 
supplies a single high-level command, in 
response to which the robot does all the 
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necessary task sequencing and planning to 
satisfy the command. Nitzan 2 has defined 
an autonomous intelligent robot as a flex¬ 
ible machine system that may include 
effectors, sensors, computers, and aux¬ 
iliary equipment and that, like a human, 
can perform a variety of tasks under 
unpredictable conditions. 

Issue content. This special issue is 
devoted to topics related to the design and 
construction of intelligent autonomous 
systems. The articles cover such diverse 
topics as 

• the design of an intelligent autono¬ 
mous machine to explore Mars, 

• the operation and capabilities of the 
hostile-environment robotic-machine- 
intelligence experiment series 
(HERMIES), 

• terrain-determination and point-to- 
point navigation by a robot, 

• sensor interpretation and integration 
based on probabilistic tesselated 
representations of spatial infor¬ 
mation, 

• control and coordination of adaptive 
suspension vehicles, 

• a dynamic learning technique for 
solving inverse kinematic problems 
for redundant manipulators, 

• a real-time kernel for distributed 
systems, 

• building environmental models using 
depth information, and finally, 

• the development of a model-based 
vision system for performing inspec¬ 
tion and manipulation tasks. 

Technology needed. Developing 
autonomous robots, as we have intro¬ 
duced them above, will require a techno¬ 
logical outreach in the following areas. 3 
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Sensing and perception/spatial plan¬ 
ning. Fundamental to robot function is the 
acquisition of relevant environment 
characteristics, task invariances, and rela¬ 
tional object properties (geometric, 
mechanical, optical, acoustic, etc.)- Issues 
that need to be researched are optimal con¬ 
figuration of sensors (e.g., mounting them 
on end-effectors or around different view¬ 
points), hierarchical sensing with varying 
degrees of coarseness in resolution at each 
level, integration and fusion of data from 
multiple sensors, and closed-loop reason¬ 
ing algorithms that use and interpret sen¬ 
sor data and sensor redundancy. In addi¬ 
tion to advancing sensory information 
processing strategies, sensing mechanisms 
could substantially benefit from develop¬ 
ments in high-resolution, high-speed sen¬ 
sor transducers and from more-efficient 
hardware/software sensor processors. 

As to spatial planning, research is 
needed in two core areas. The first includes 
real-time robot path planning in unknown 
or partially unknown terrains with dynam¬ 
ically moving obstacles, as well as autono¬ 
mous gross- and fine-motion control of the 
robot during assembly or maintenance 
operations. The second is the formaliza¬ 
tion of protocols for constructing knowl¬ 
edge and geometric databases to contain 
robot and terrain descriptions to support 
path planning and motion control 
algorithms. 

Manipulation and adaptive control. 
Manipulators for autonomous intelligent 
robots will require redundant (more than 
six) degrees of freedom. In return for 
higher weight and increased complexity, 
the extra degrees of freedom provide the 
guidance controller with an infinite num¬ 
ber of configurations for any desired posi¬ 
tion. This makes it possible to avoid 
obstacles, avoid singularities, and move 
along efficient trajectories (in terms of 
velocity, energy, or time). Efficient gui¬ 
dance and servo-level control laws must be 
designed for both single and multiple 
manipulator configurations to exploit 
kinematic redundancy. 

Adaptive control is critical for enhanced 
functionality and error detection and cor¬ 
rection. The latter entails execution¬ 
monitoring mechanisms to ensure compli¬ 
ance with the expected task sequence and 
servoing capability to measure expected 
errors in the end-effector location and then 
to correct them dynamically. Control 
issues pertinent to intelligent machines 
include (1) monitoring execution speed to 
effectively coordinate manipulator motion 


with sensory information, (2) the degree 
of on-board autonomy required, and 
(3) the design of event-driven conditional 
branching mechanisms. 

Machine vision. Machine vision is 
required to recognize objects, to locate and 
inspect objects accurately, and to operate 
in cluttered environments. It is primarily 
achieved using noncontact sensors (e.g., 
visual and range) that currently distinguish 
between four types of visual images — 
namely, complete and isolated outline; 
partial or connected outline to provide 
descriptors of curved, specular surfaces; 
gray-level or color images; and three- 
dimensional stereo images. 

Operating systems and support systems. 
Providing enhanced decision autonomy 
entails developing a hierarchy of internal 
(i.e., between robot subsystems) and exter¬ 
nal software primitives, graphical dis¬ 
plays, and control devices for 
communicating complex spatial informa¬ 
tion relevant to remote operations. 
Architecture-specific or subsystem- 
specific languages such as AML, JARS, 
RPS, and RCCL will no longer suffice, 
and thus high-level object-oriented pro¬ 
gramming languages must be designed for 
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task specification. In addition, technology 
is needed for the development and 
interpretation of software. 

I t has been our pleasure to bring these 
articles to you. We hope that you find 
them informative and useful in your 
work.D 
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elements of everyday programming. 
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automatic recompilation, computer-aided 
documentation, graphical browsing of system 
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F or centuries people have been fas¬ 
cinated by Earth’s planetary 
neighbors. There has been much 
speculation, in science and science fiction, 
about what lies on and under their sur¬ 
faces. Despite considerable study, our 
knowledge remains very limited. Orbiting 
vehicles cannot examine internal features, 
and stationary vehicles, like the three 
Soviet and two US landers on Mars, miss 
what is over the horizon, atop mountains, 
and in ravines. 

Active exploration of other planets 
could answer many questions about the 
nature and origins of our solar system. 
Sending astronauts Or remotely controlled 
vehicles is a possibility, but a manned 
expedition is highly unlikely in the near 
future, and conventional teleoperation is 
impractical because of the long signal 
times (for example, up to 45 minutes for 
a round trip to Mars at the speed of light). 
A more promising approach is to launch 
an unmanned prospector and a vehicle to 
return collected samples to Earth—for 
instance, NASA’s proposed Mars Rover 
and Sample Return mission. 1 The broad 
objectives of such a mission would be to 
observe and gather materials representa¬ 
tive of the planet’s geophysical, meteoro- 


Extremely self-reliant, 
this six-legged robot 
will prioritize its goals 
and decide on 
its course of action 
as it explores 
the rugged terrain 
of a place like Mars. 


logical, and biological conditions and to 
return a varied selection of samples. Since 
the payload of the return vehicle is limited, 
the mission requires a sophisticated on-site 
system that can explore, assay, and select. 

Recently we initiated a research pro¬ 
gram that addresses the central robotics 
challenges of designing a roving explorer 
capable of operating with minimal exter¬ 
nal guidance. The purposes of this 
research are to confront issues not faced 


by laboratory robots, to identify and for¬ 
mulate the difficult problems in autono¬ 
mous exploration, and to generate 
insights, principles, and techniques for 
their solutions. We are not attempting to 
satisfy all the requirements of a system that 
would be flown to another planet (for 
example, space-qualified processors). 
Instead, we are building a prototype legged 
rover, called the Ambler (loosely an acro¬ 
nym for Autonomous MoBiLe Explora¬ 
tion Robot), and testing it on full-scale, 
rugged terrain of the sort that might be 
encountered on the Martian suface. 

To undertake an extraterrestrial 
prospecting mission, we must extend exist¬ 
ing robotic technology. Because the rover 
will be beyond the reach of timely aid from 
Earth, it must exhibit extreme self- 
reliance. It must be able to navigate, 
explore, and sample, and to know, more¬ 
over, what tasks do and do not lie within 
its capabilities. Particular issues critical to 
autonomous planetary exploration include 
locomotion, rough-terrain navigation, 
sample acquisition, perception, self- 
awareness, task autonomy, safeguarding, 
and system integration. Although semiau- 
tonomous and remotely assisted systems 
may be practical for some tasks, 2 our 
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research strategy is to strive for full auton¬ 
omy wherever possible, with the rover 
deciding when to ask for missing infor¬ 
mation. 

In this article we present an overview of 
our research program, focusing on loco¬ 
motion, perception, planning, and con¬ 
trol. We summarize some of the most 
important goals and requirements of a 
rover design and describe how locomo¬ 
tion, perception, and planning systems can 
satisfy these requirements. Since the pro¬ 
gram is relatively young (one year old at 
the time of writing), this article aims to 
identify issues and approaches and to 
describe work in progress rather than to 
report results. Although our discussion 
concentrates on a Mars mission, we expect 
many of the technologies developed in our 
work to be applicable to other planetary 
bodies and to terrestrial concerns such as 
hazardous waste assessment and remedi¬ 
ation, ocean floor exploration, and 
mining. 


Locomotion 

Our data on the Martian landscape indi¬ 
cates that an explorer would encounter a 
wide variety of terrain features, including 
a canyon 4,800 kilometers long by 7 kilom¬ 
eters deep, a mountain 27 kilometers high, 
and numerous sand dunes, rock fields, and 
craters. Figure 1 illustrates the barren, rug¬ 
ged terrain viewed by the Viking 2 lander. 

Since the locomotion system must safely 
transport the vehicle over vast expanses of 
irregular terrain, perhaps the most impor¬ 
tant design criterion for the locomotion 
system is traversability: it must be able to 
navigate over extremely rugged terrain. 
Specifically, the rover should be capable 
of traversing a one-meter step, negotiating 
a 60 percent slope, and maintaining an 
average velocity of approximately one kil¬ 
ometer per day (these specifications, 
although somewhat arbitrary, reflect plau¬ 
sible assumptions 1 about the scale of 
objects on the Martian surface and about 
potential missions). Energy efficiency 
poses an additional design constraint 
because total on-board power generation 
is expected to be less than one kilowatt. As 
the dominant energy consumer, the loco¬ 
motion mechanism must be extremely effi¬ 
cient. Another design consideration is that 
the locomotion mechanism must provide 
a stable platform for sensors and sample 
acquisition tools. 

These design criteria admit a wide vari¬ 
ety of possible locomotion candidates, 



Figure 1. Martian terrain viewed by the Viking 2 lander. 


including mechanisms that roll, walk, 
combine rolling and walking, or perform 
so-called hybrid locomotion. 3 Rolling 
machines have wheels or tracks in continu¬ 
ous contact with the terrain; they propel 
themselves by generating traction parallel 
to the terrain surface. Walkers suspend 
themselves over the terrain on discrete con¬ 
tact points and maintain principally verti¬ 
cal contact forces throughout propulsion; 
this allows more tractable models of ter¬ 
rain interaction than are possible for 
wheels. In addition, walking mechanisms 
isolate the robot’s body from the underly¬ 
ing terrain and propel the body along a 
smooth trajectory independent of surface 
irregularities. 

After comparing these candidates (see 
article by Bares and Whittaker 4 for a 
trade-off analysis of locomotion mechan¬ 
isms with respect to these constraints), we 
selected legged locomotion because of its 
superior rough-terrain traversability 
characteristics, its theoretical efficiency, 
and its ability to keep sensors and sampling 
equipment steady and stable. 

Our initial Ambler configuration con¬ 
sists of six legs stacked coaxially at their 
shoulder joints (Figure 2). Each leg is 


mounted at a different elevation on the 
central axis of the body and can rotate 
fully around the body. Each leg (Figure 3) 
consists of two revolute joints (shoulder 
and elbow) that move in a horizontal plane 
to position the leg, and a prismatic joint at 
the end of the elbow link that effects a ver¬ 
tical telescoping motion to extend or 
retract the foot. Thus, the locomotor has 
18 degrees of freedom. The planar reach 
(combined length of shoulder and elbow 
links) of a leg is 2.5 meters and the verti¬ 
cal stroke (telescopic distance) is 1 to 2 
meters, depending on the position of the 
leg on the stack. The average overall height 
of the Ambler is approximately 3.5 meters, 
and its nominal width is approximately 3 
meters. With these dimensions, the 
Ambler can step over obstacles 1 meter 
high while maintaining a level body 
trajectory. 

The Ambler body, a cylinder one meter 
in diameter situated below the leg stack, 
will contain equipment for power genera¬ 
tion, computing, sample analysis, and 
scientific instrumentation. Sample acqui¬ 
sition tools can be mounted on legs or 
on the underside of the body. Communi¬ 
cation equipment can be mounted either 
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Figure 2. Sketch of the Ambler. Figure 3. Side view of an Ambler leg. 


above the leg stack or in the body. Percep¬ 
tion sensors will be mounted above the leg 
stack, where they will have large fields of 
view; other high-resolution sensors can be 
placed under the body or directly on legs. 

This configuration has a number of 
benefits. First, decoupling the vertical and 
horizontal joints simplifies walk planning 
and motion control by reducing complex, 
six-dimensional problems to smaller ones. 
Second, the sampling tools under the body 
have a clear view of and close proximity to 
the terrain that they must access; body 
movements position and orient the tools, 
reducing the number of degrees of free¬ 
dom they require. Third, during locomo¬ 
tion the legs isolate the body and sensors 
from terrain roughness. 

In operation the Ambler will walk over 
rugged terrain much as one poles a raft 
floating over a rough lake bottom. The six 
vertical actuators in the Ambler’s legs level 
the body over terrain, while the planar 
joints propel the body. As the body 
advances, one leg at a time moves ahead of 
the walker, much as the pole is placed 
ahead of the raft. A unique result of the 
stacked leg configuration is that an over¬ 


lapping gait is possible—that is, a gait in 
which a rear leg moves ahead, or 
“recovers,” past forward supporting legs. 
Figure 4 illustrates this gait. An overlap¬ 
ping gait requires fewer foot placements, 
saving energy (energy is expended when¬ 
ever a foot interacts with terrain) and 
reducing demands on perception and plan¬ 
ning. While one leg is recovering, the five 
other legs support the body. The stability 
of the stance can be maximized by main¬ 
taining the center of gravity inside a con¬ 
servative support polygon. Inside this 
region, the vehicle remains stable even if 
one (and possibly more) of the legs ceases 
to support it, either due to failure or 
slippage. 

Experience with existing walking 
mechanisms (see article by McGhee 5 or 
Raibert 6 for an overview) suggests that 
they are difficult to coordinate due to their 
complexity, suffer large energy losses due 
to actuator conflict, and can be unreliable 
upon failure of one or more legs. We 
designed the Ambler to overcome these 
problems. 

Unlike those of other walkers, the 
Ambler’s actuator groups for body sup¬ 


port and propulsion are orthogonal; a sub¬ 
set of the planar joints propels the body, 
while the vertical actuators support and 
level the body. The Ambler can level itself 
without propelling and propel without 
leveling, having no power coupling 
between the two motions. This should 
make it both easier to control and more 
efficient than other walking mechanisms. 

The Ambler locomotor configuration is 
a dramatic improvement in reliability over 
conventional walking mechanisms. 
Because the legs are stacked above the 
body and can rotate by 2 it about their 
shoulder joints, any leg can operate in any 
body sector. Thus, any functional leg can 
reposition itself to substitute for any failed 
leg, and three legs would have to fail to 
cause immobilization. 

Perception 

The Ambler needs timely and detailed 
perception to plan effective locomotive 
and sampling strategies and to monitor 
their execution. The perception system’s 
task is to build and maintain represen- 
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Figure 4. Overlapping gait. To advance the walker, the recovering leg (drawn thicker) overlaps the two right supporting legs. 
Depending on a leg’s location on the central stack, some weaving around supporting legs may be necessary for it to move past 
forward legs. 


tations—which we call terrain maps—of 
terrain (geometry, soil type) and discrete 
objects (size, shape). 

Perceiving and mapping rugged, out¬ 
door terrain are significant challenges. 
Current machine perception techniques 
can be applied with some success to man¬ 
made, structured, indoor scenes. Unlike 
industrial systems, however, the rover will 
have little need to recognize or describe 
regular geometric shapes and will not be 
able to capitalize on the powerful features 
(such as symmetry, smoothness, constant 
illumination) utilized to perceive worlds 
consisting of blocks. Wemust develop new 
techniques for constructing maps of nat¬ 
ural, unstructured, outdoor envi¬ 
ronments. 

The problem of building and maintain¬ 
ing those maps raises several issues: 
(1) representation of data at different 
levels of resolution, (2) construction of 
maps and descriptions from different sen¬ 
sors, and (3) effective use of the maps. 

Representation. The perception system 
must provide an environmental represen¬ 
tation that is appropriate for a wide vari¬ 


ety of tasks, each with different 
requirements. For example, locomotion 
and sampling require detailed, local 
representations, while navigation and mis¬ 
sion planning demand broad, global 
descriptions. To uniformly accommodate 
these diverse needs, we have selected a 
hierarchical representation scheme that 
describes terrain and objects at varying 
levels of resolution. At each level of reso¬ 
lution we describe the environment in two 
ways: on a geometric grid and as object 
descriptions. Together these comprise a 
terrain map at one scale. 

We define an elevation map on a regu¬ 
lar grid. Each grid square records informa¬ 
tion about the terrain in that area—for 
instance, its elevation above a ground 
plane. Other terrain attributes include the 
following: the uncertainty of the estimated 
elevation; roughness; slope; labels indicat¬ 
ing whether the terrain is unknown (has 
never been observed) or occluded (cur¬ 
rently not observed because it lies in a 
shadow cast by another object); minera- 
logical composition; and a measure of 
traversability derived from slope, rough¬ 
ness, and other properties. 


Object descriptions include the size, 
shape, and location of particular objects 
such as a boulder; symbolic terrain 
descriptions, such as hill, valley, saddle, 
and ridge, which may be useful for iden¬ 
tifying promising routes or sample sites; 
paths the vehicle has followed; locations 
that have been sampled; and viewpoints 
from which observations have been made. 

Constructing terrain maps. Construct¬ 
ing terrain maps requires sensing and 
interpretation, ranging from low-level 
data collection to high-level scene model¬ 
ing. This section first focuses on the lowest 
level of abstraction (sensors) and then 
describes an intermediate level of abstrac¬ 
tion (local surface geometry). It does not 
address the highest level of object identifi¬ 
cation and semantic interpretation. 

We will equip the Ambler with a battery 
of different sensors to collect multispectral 
data. Our primary sensor is a scanning 
laser rangefinder that measures both 
reflectance and range. 7 The scanner 
directly recovers the environment’s three- 
dimensional structure, operating more 
rapidly and reliably than other vision tech- 
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Figure 5. A composite elevation map constructed by merging four rangefinder views of rugged terrain at a construction site. 
The grid size is 10 centimeters. 


niques such as binocular stereo and 
motion. In the near future we will also use 
a pair of color cameras for determining 
material properties from color and tex¬ 
ture, for long-range viewing, and for ste¬ 
reo viewing to back up the rangefinder. 
We also plan to incorporate an inertial 
reference sensor, inclinometers, tactile 
sensors on sampling tools, and other imag¬ 
ing devices. However, the perception sys¬ 
tem need not be limited to passively 
interpreting data; it can actively use the 
Ambler vehicle itself as a sensor to deter¬ 
mine soil cohesion and friction parameters 
either directly, by measuring leg joint 
torques while walking, or indirectly, by 
comparing the soil in its footprints to 
nearby soil. 


As an example of how the perception 
system operates, we will consider the 
interpretation of rangefinder signals in 
terms of local surface geometry (interested 
readers can find details in a technical 
report by Hebert, Kanade, and Kweon 7 ). 
This involves creating an elevation map 
from a range image, matching it to another 
elevation map, and merging the two maps 
to form a composite map. 

To construct elevation maps from range 
images, we have developed an algorithm 
that operates at arbitrary resolutions. It 
computes the locations where rays emitted 
by the sensor strike the terrain, and then 
it refers the intersection points and an esti¬ 
mate of their uncertainty to a reference 
grid, thus creating an elevation map. 


To merge elevation maps from succes¬ 
sive viewpoints, we have developed a two- 
stage algorithm to determine the cor¬ 
respondence between two elevation maps. 
The first stage matches a sparse set of geo¬ 
metric features extracted from the two 
maps, whose output is the estimated rigid 
transformation T relating the two sets of 
features. The second stage takes T as an 
initial estimate and refines it by gradient 
descent, iteratively minimizing an error 
functional defined over all the data points 
in the two maps. Once we know T, we can 
apply it to merge the maps; Figure 5 illus¬ 
trates a composite elevation map con¬ 
structed by merging four rangefinder 
views of the rugged terrain at a construc¬ 
tion site. 


22 


COMPUTER 

















Using terrain maps. Once maps and 
descriptions of the environment have been 
constructed, the perception system must 
support and facilitate their use for a vari¬ 
ety of tasks. For locomotion the Ambler 
will access elevation maps to select footfall 
locations that can accommodate its feet 
and support its mass. For navigation the 
Ambler will use the elevation maps to plan 
paths and to localize itself from land¬ 
marks. For sample acquisition the Ambler 
will use both elevation maps and object 
descriptions: the former to identify 
promising sampling sites based on topo¬ 
graphic features; the latter to identify 
objects to be sampled, determine approach 
directions, and select control regimes (such 
as force and position). 


Planning and control 

We are designing and implementing a 
general robot architecture that addresses 
three important planning and control 
issues: (1) coordination of multiple mod¬ 
ules and multiple goals, (2) flexibility in 
handling plan failures and contingencies, 
and (3) self-awareness of the robot’s own 
capabilities and limitations. 

A basic coordination problem is the 
integration of different modules. For prac¬ 
tical reasons of efficiency and ease of 
implementation, the various components 
will use different algorithms, representa¬ 
tions, and even languages. For example, 
the route planner (the software that plans 
routes) may use geometric algorithms, 
while the mission planner might use sym¬ 
bolic techniques. The architecture must 
facilitate the exchange of data between 
modules and flexible yet efficient control 
flow management. 

Another important coordination issue 
is the handling of multiple goals. The 
Ambler will have multiple, often conflict¬ 
ing, goals, such as navigation, science, and 
health goals. The control architecture 
must prioritize and schedule goal achieve¬ 
ment on the basis of a cost-benefit analy¬ 
sis that accounts for factors such as the 
environment, the robot’s capabilities, and 
its past actions. For example, if the 
Ambler detects a potential sedimentary 
rock while traveling, it might decide to 
detour to obtain a sample if the rock is 
close, if the robot has no pressing dead¬ 
lines, and if the robot has not already 
acquired sufficient sedimentary samples. 

The issue of flexibility concerns how 
well the robot reacts to changes in its 
uncertain, dynamic environment. The 
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Figure 6. Task control architecture. 


robot must notice indications that its plans 
are failing, are no longer applicable, that 
there are unexpected contingencies, or 
even unexpected opportunities. The issue 
is complicated because, practically, the 
robot cannot perceive everything. Instead 
it must focus on those aspects it deems 
most important, deploying monitors to 
check on specified conditions. 

The robot also needs flexibility in decid¬ 
ing how to handle problems indicated by 
the changes it detects. Instead of merely 
passing an error up the goal tree, for 
instance, the robot might try re-achieving 
the goal (for example, chipping a rock 
again), adding a new subgoal (detouring 
around an obstacle), or even attending to 
a different goal altogether. Once the robot 
decides how to handle a problem, how¬ 
ever, the recovery processes can utilize the 
same algorithms that created the robot’s 
initial plans. For example, once deciding 
to add a detour, the robot can use its path 
planner, treating the detour as if it had 
been planned from the start. 

The issue of self-awareness is particu¬ 
larly important for planetary exploration 
robots, since they are remote from human 
assistance and must be largely responsible 
for monitoring their environment and 
choosing acceptable actions. The robot 
needs knowledge of its resources, capabil¬ 


ities, and limitations to make intelligent 
decisions about its course of action. It 
needs to schedule limited resources and to 
prioritize conflicting goals according to 
their relative costs and benefits. In addi¬ 
tion, the robot should be aware of dead¬ 
lines for its goals, the expected reliability 
of its planners, and the time necessary to 
execute its plans. 8 

Although our robot control architecture 
is being designed to provide many tools for 
constructing a planetary explorer, it will be 
open enough for easy experimentation and 
extension. The architecture is a distributed 
system with centralized control. It sup¬ 
ports modules running on separate 
machines in different languages (currently, 
C and Lisp), communicating via coarse¬ 
grained message passing. Building on ideas 
from the Navlab project, 9 communica¬ 
tion and data transfer are totally transpar¬ 
ent to the individual modules. 

Whereas planning, sensing, and actua¬ 
tion are distributed, control of when and 
how to attend to goals is centralized (Fig¬ 
ure 6). The central control receives mes¬ 
sages from other modules and routes them 
to the appropriate module to be handled. 
The control module also schedules the 
available computational and physical 
resources and maintains goal trees to help 
in error recovery and decision making. 
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Figure 7. Single-leg testbed. 


Although centralized control has the 
potential of being a bottleneck, we believe 
that global control is crucial for robots that 
have to contend with multiple goals and 
limited resources. At the same time, we are 
examining how to combine centralized 
control architectures with architectures 
that provide fast, reflexive actions (see 
Brooks, 10 for example). 

The architecture directly supports 
different classes of messages for construct¬ 
ing robot systems. Query messages, which 
are used to access perceptual and internal 
sense data, return information and control 
to. the requesting module. Goal messages, 
which plan actions by issuing other goal or 
command messages, are nonblocking, so 
that control returns before the subgoals 
are actually achieved. This nonblocking 


feature facilitates error recovery and the 
coordination of multiple iasks, since the 
central control can decide when to suspend 
or achieve goals. 

Other message classes include 

(1) command messages, nonblocking mes¬ 
sages used to control actuators, 

(2) constraint messages, used to add infor¬ 
mation to a database, (3) monitor mes¬ 
sages, which check on the status of the 
robot or its environment, (4) decision mes¬ 
sages, used to prioritize goals, and 
(5) failure messages, which indicate that 
either a plan-time or execution-time error 
has been detected. 

Although the Ambler is designed to be 
largely autonomous, it is important that 
humans can intervene and operate it 
remotely when the situation warrants. The 


architecture meets this need by allowing 
humans to send or receive messages, at any 
level of abstraction, just as any other mod¬ 
ule can. This feature helps in development 
of the Ambler because it lets us substitute 
human input for as-yet-unwritten 
modules. 

Experimental testbeds 

Although simulations are often useful 
abstractions of the problems an autono¬ 
mous robot will face, they are never as re¬ 
vealing as operating the actual mechanism. 
Our philosophy is to embed our ideas in 
working mechanisms that operate in nat¬ 
ural environments. While we build the six¬ 
legged vehicle described here, we are test¬ 
ing our locomotion, perception, planning, 
and control ideas on two operational 
testbeds. 

The first testbed is a one-legged version 
of the Ambler (Figure 7). It enables us to 
begin integrating the component technol¬ 
ogies into a complete but simplified system 
that can demonstrate single-leg walking, 
using a few frames of range data, simple 
walk planning, and simple error recovery. 
A full-scale leg has been built and mounted 
on a carriage that travels along rails on the 
ceiling to simulate body motion. A scan¬ 
ning laser rangefinder mounted above the 
leg provides data for building terrain 
maps. A large sandbox under the testbed 
contains different soil types and obstacles. 
A rudimentary version of the planning and 
control architecture, running on Sun 
workstations, enables the leg to lift, 
recover, and land at a chosen position. We 
are also using this testbed to study foot- 
terrain interactions such as foot slippage 
and sinkage, and power consumption dur¬ 
ing footlift and footfall. 

The other testbed is a Heathkit Hero 
2000, a commercially available robot, 
which we are using to explore ideas for 
combining navigation and sample collec¬ 
tion in an indoor environment. The Hero 
mechanism is wheeled and has an arm and 
gripper. For perception it has a base sonar 
and a rotating head sonar, and we have 
added a sonar on its wrist. In addition, a 
camera mounted in the ceiling of our lab 
gives the Hero a global overhead view. 
Using its vision system, the Hero plans 
paths to objects, and, once in the vicinity 
of an object, uses its sonars to locate and 
grasp the object. At present the Hero picks 
up and deposits plastic cups and cans, and 
soon we expect it to be able to retrieve 
printer output and to schedule the achieve¬ 
ment of multiple, conflicting goals. 
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onstraints inherent in the task of 
■ autonomously exploring another 
planet have driven our design of 
a robotic rover. In particular, the task 
demands a system that efficiently and 
reliably navigates over rough terrain, relia¬ 
bly perceives rugged terrain and irregularly 
shaped objects, and exhibits extreme self- 
reliance in performing a multitude of 
tasks. We have incorporated these con¬ 
straints into our design for the Ambler. By 
pursuing the issues of locomotion, percep¬ 
tion, planning, and control in the design 
of a robot that operates on another planet, 
we hope to find solutions for the problems 
involved in sending intelligent machines to 
Mars and beyond. □ 
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Honeywell-Bull, Waltham MA 
Honeywell-Bull used Design/OA to 
create a graphical micro-computer 
interface to monitor their nightly 
mainframe batch processing. The 
application retrieves batch process¬ 
ing data, initiates the batch jobs, 
and provides the operator real- 



PRC, McLean VA 
Planning Research Corporation 
used Design/OA to develop an Ada 
diagramming tool by adding Ada 
specific graphics to Design/2.0. 
This new tool, called AdaDesign, 
is used by Ada programmers for 
flow charting and system design. 


MIT, Cambridge, MA 
"With Design/OA we can go from 
an idea to an implementation very 
quickly. It has expanded the range 
of questions we can explore, given 
the same resources? 

Alexander Levis, Senior Research 
Scientist, Laboratory for Informa- 


AT&T Bell Labs, Middletown NJ 
AT&T Information Systems used 
Design/OA to build a reverse engi¬ 
neering application that provides 
dynamic documentation of large 
mainframe C programs. Program¬ 
mers can graphically view the pro¬ 
gram's functions, files, variables, 
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Autonomous Mobile Robot 
Navigation and Learning 


C.R. Weisbin, G. de Saussure, J.R. Einstein, and F.G. Pin 
Oak Ridge National Laboratory 
E. Heer 

Heer Associates 


T he rapid development of solid- 
state computer technology has 
brought intelligent systems 
within the realm of possibility. Striking 
changes have occurred in the way all 
types of modem systems are monitored, 
controlled, and operated. Machines now 
accomplish many of the tasks formerly 
performed by humans. The complexity 
and speed of decisions required by many 
modem control systems suggest aug¬ 
menting traditional automation with 
machine intelligence to handle such 
functions as problem solving, percep¬ 
tion, and learning. 

Autonomous mobile robots, designed 
to govern themselves and make deci¬ 
sions, are experimental testbeds for re¬ 
search in intelligent machines. In accom¬ 
plishing given objectives, they manage 
their resources and maintain their integ¬ 
rity. In addition, robots must be able to 
communicate with humans at an appro¬ 
priately high level. 

Autonomous robots find a wide vari¬ 
ety of potential applications. These in¬ 
clude undersea operations, space explo¬ 
ration, mining operations, and hazard¬ 
ous-waste disposal, where environments 
are characteristically more unstructured 
and unpredictable. In most of these ar¬ 
eas, the appeal of autonomous mobile 
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Having prototyped an 
autonomous robot that 
can perceive, plan, 
navigate, handle 
contingencies, learn, 
and manipulate, 
researchers are 
looking ahead to 
machines that will 
approach human-scale 
performance. 


robots is their proposed capabilities for 
maintenance, surveillance, and repair in 
dangerous and/or otherwise inaccessible 
places, allowing humans to remain in a 
safe environment while acting in a super¬ 
visory capacity. In addition to safety 
considerations, there are related factors 
of economy and a desire to minimize 
unnecessary communication with human 
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operators. The major goal of research in 
autonomous robot systems is to move 
humans out of the control loop as much 
as possible, so that communication be¬ 
tween robots and humans can occur at a 
high level — possibly at the human- 
speech level. This requires the develop¬ 
ment of machine intelligence technolo¬ 
gies and their integration at the systems 
level. 

The Center for Engineering Systems 
Advanced Research (CESAR) at the Oak 
Ridge National Laboratory focuses on 
the development and experimental vali¬ 
dation of intelligent control techniques 
for autonomous mobile robots able to 
plan and perform a variety of assigned 
tasks in unstructured environments. The 
assignments originate with human super¬ 
visors in a remote control station. The 
robots then perform detailed implemen¬ 
tation planning and execute the tasks. 

Since the operational environment is 
generally dynamic, a robot must be in 
sensory contact with its surroundings to 
capture and recognize changes relevant 
to task objectives and, if necessary, re¬ 
plan its behavior. This implies cognitive 
capabilities that enable the robot to form 
and modify a model of the world around 
it and relate this world model causally to 
the task objectives. This world model 
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Figure 1. HERMIES-IIB and the process control panel used for concept dem¬ 
onstrations at CESAR. Wooden boxes like the one in the background are used 
as obstacles during navigation experiments. 


includes the robot itself as an element of 
the environment. We also want to enable 
the robot to learn from its past experi¬ 
ence. This can require acquisition of 
explicit knowledge, development of 
skills, theory formation, and inductive 
inference so that the robot can systemati¬ 
cally improve its performance. 

Currently we conduct research at 
CESAR in a controlled indoor environ¬ 
ment. However, actual system imple¬ 
mentation and operation must ultimately 
cope with many additional realities that 
are either avoided or not present in the 
laboratory. Theoretical idealizations in 
the laboratory usually get distorted when 
building and operating real systems. 
While it is possible to take an algorithmi¬ 
cally oriented approach in the labora¬ 
tory, in practical implementations all 
necessary data may not be available, 
some may be suspect, and some of the 
knowledge for interpreting the data may 
be unreliable. Input from human opera¬ 
tors during operation may contain errors, 
and sensory input may be inaccurate, 
spotty, and fragmentary. The bewilder¬ 
ing problem of capturing reasoning pro¬ 
cesses with, and drawing inferences 
from, uncertain or incomplete data has 
led to a variety of approaches based on 


heuristic techniques and multivalued 
logic. 

Robot navigation and 
exploration 

An autonomous mobile robot. 

HERMIES-IIB (hostile-environment 
robotic machine intelligence experiment 
series) is a self-powered, wheel-driven 
platform containing an on-board 16-node 
Ncube hypercube parallel processor 
interfaced to effectors and sensors 
through a VME-based system containing 
a Motorola 68020 processor, a phased 
sonar array, dual manipulator arms, and 
multiple cameras (see Figure 1). It has 
been described in more detail in an ear¬ 
lier article. 1 

The first HERMIES robots provided 
valuable experience in planning, world 
modeling, mobility, sensor perception, 
and communication; but intensive com¬ 
putations and high-level decision mak¬ 
ing were performed off-board in comput¬ 
ers linked to the robots by radio. With 
HERMIES-IIB the emphasis is on com¬ 
putational autonomy — hence, the need 
for powerful on-board computing capa¬ 
bilities. HERMIES-IIB’s position can be 


controlled in an open-loop fashion to a 
precision of about 0.1 percent for each 
linear movement and about 0.1 degree 
per rotation using real-time monitoring 
of the wheel encoders. 

Earlier research 2 determined that us¬ 
ing expert systems combined with modu¬ 
lar procedures provided a convenient and 
powerful method of controlling the ro¬ 
bot’s behavior. The expert systems make 
high-level decisions and diagnose unex¬ 
pected occurrences. When a standard 
procedure is required — such as avoiding 
or removing an obstacle, manipulating 
an object, or mapping an area — the 
navigation or learning expert systems 
can call the appropriate routine, which 
executes until completed or until an 
unexpected event generates an interrupt 
that returns control to the expert system. 
For HERMIES-IIB, Lisp-type format 
rule bases were prepared in a text editor. 
These rule bases control the high-level 
decisions and can call on C-compiled 
navigation and manipulation procedures. 
The rule bases are loaded in an expert 
system shell. Clips, and linked to the 
navigation and manipulation procedures. 
Clips and the navigation and learning 
routines run on one of the Ncube nodes. 

Research in robot navigation. Con¬ 
siderable work has been reported on the 
problem of robot navigation in known 
static terrains (see Whitesides 3 and the 
references therein). Algorithms have 
been proposed and implemented to 
search for an optimum path to the goal, 
taking into account the finite size and 
shape of the robot. Whitesides analyzed 
many of these algorithms. Not as much 
has been reported on robot navigation in 
unknown, unstructured, or dynamic en¬ 
vironments. 4 

A robot navigating an unknown envi¬ 
ronment must explore with its sensors, 
construct an abstract representation of 
the environment to plan a path to the goal 
(world modeling and planning), and 
monitor its performance by comparing 
expected and actual sensor responses. 
The source of a discrepancy must be 
diagnosed, and real-time replanning may 
be necessary. 

Treatment of sensor data. HERMIES- 
IIB is equipped with sonar sensors and 
cameras. Each of these sensors has limi¬ 
tations. The sonars provide depth infor¬ 
mation but have poor angular resolution 
and suffer from specular reflection. The 
vision system does not provide direct 
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depth information and requires exten¬ 
sive processing. A desirable goal is to 
improve the knowledge of the environ¬ 
ment by combining data from the differ¬ 
ent sensors into a consistent representa¬ 
tion. This sensor fusion requires a good 
knowledge of each detector’s response 
function to provide accurate resolution 
of systematic errors that result from 
inappropriate interpretation of the sen¬ 
sor data. 

Beckerman and Oblow 5 have devel¬ 
oped techniques for treating systematic 
errors in the processing of sonar sensor 
data. Pixels of the world model (a two- 
dimensional map of the robot’s environ¬ 
ment) are assigned one of several labels 
during initial processing. One of the 
labels flags conflict among interpreta¬ 
tions from two or more sensor measure¬ 
ments. This happens whenever there are 
erroneous interpretations of the data (for 
example, obstacles detected within a 
conical region are assumed to be located 
along the sonar central axis, while inter¬ 
pretation of a video image indicates no 
obstacle at this location). To remove 
errors, the data are then reinterpreted, 
using pattern analyses and consistent 
labeling operations based on the re¬ 
sponse function of each detector. 

Mann et al. 6 proposed a methodology 
for the fusion of sonar and vision data. 
They described an iterative strategy that 
incorporates range information from the 
sonar sensors into the vision feature 
extraction algorithms (to find edges, for 
example) and vice versa. 

World modeling and path planning. If 
the robot operates in a dynamic environ¬ 
ment and precise positioning of the ob¬ 
stacles is unlikely because of the intrin¬ 
sic uncertainties and resolution limits of 
the sensors, it may not be feasible to 
obtain a complete map of the environ¬ 
ment. In that case a digitized representa¬ 
tion of the environment, such as a 
quadtree (or octree) representation, may 
best suit rapid path-planning algorithms. 
R.C. Fryxell 7 successfully demonstrated 
navigation planning and execution using 
quadtrees. 

A laser range finder provides far more 
precise range data than commonly used 
sonar transducers. Representing large 
amounts of precise range data using a 
Cartesian map or quadtree may be im¬ 
practical because of the amount of 
memory required. Goldstein et al. 8 in¬ 
vestigated three-dimensional world 
modeling using combinatorial geometry 


and developed algorithms for autono¬ 
mous robot navigation with this repre¬ 
sentation. This combinatorial geometry 
technique for describing complex 3D 
objects is efficient and widely used in 
Monte Carlo simulation of particle trans¬ 
port and in the computer graphics litera- 

Other world model techniques have 
been used in connection with robot ex¬ 
ploration and terrain acquisition. Using 
acquired sensor data, Rao et al. 9 con¬ 
structed a model of the terrain compris¬ 
ing polygonal boundaries approximating 
perceived obstacles. As more sensor data 
is collected, the polygonal boundaries 
shrink to better approximate the ob¬ 
stacles’ actual surfaces, free space for 
transit is correspondingly enlarged, and 
additional nodes and edges are recorded 
on the basis of path intersections and 
stop points. Elfes 10 successfully used a 
probabilistic approach to map sonar- 
based data. 

Mission navigation for an autonomous 
security robot. A particularly attractive 
application of autonomous navigation in 
environments where unexpected ob¬ 
stacles may exist is that of autonomous 
safeguards and security robots (for intru¬ 
sion prevention, for example). A major 
characteristic of this application field is 
the requirement for minimal communi¬ 
cation between the robot and its home 
base (to prevent external interference or 
tampering with the robot’s mission). 
This requirement means that we need an 
on-board autonomous decision-making 
capability. Because of its demonstrated 
autonomous sensing and on-board rea¬ 
soning capabilities, the HERMIES-IIB 
robot was selected as a testbed for devel¬ 
opment and verification of navigation 
algorithms for an autonomous robot 
mission in secured environments. 

A network of nodes and node connec¬ 
tions is prescribed a priori for HERMIES 
as an initial navigation path graph struc¬ 
ture. Any divergence of the actual envi¬ 
ronment from the robot’s expectations is 
treated as an unanticipated obstacle re¬ 
quiring on-line replanning during the 
mission. The locations of several robot 
workstations are specified, correspond¬ 
ing to areas where the robot is to perform 
predetermined tasks (testing security 
devices, maintaining process control 
devices, etc.). Each workstation is asso¬ 
ciated with the approximate time needed 
to complete the predetermined task. A 
mission is defined as a series of stations 


to be visited and a series of time con¬ 
straints for these visits (for example, 
latest allowed arrival times, latest abso¬ 
lute time for completion of a task, etc.). 

When requested to perform a mission, 
the robot first examines the time con¬ 
straints associated with each workstation 
to be visited. The station with the short¬ 
est time constraint is selected as the first 
subgoal. Knowing its own motion para¬ 
meters (acceleration, cruise speed, time 
for turning, etc.), the robot estimates the 
minimum time needed to reach the sta¬ 
tion, including a fixed overhead to ac¬ 
count for initial planning activities and 
some contingencies (parameter uncer¬ 
tainties). If the subgoal is not reachable 
within the time constraint, a record is 
generated on the mission log and the 
station with the next shortest time con¬ 
straint is examined as a subgoal; other¬ 
wise, the robot starts moving on its path. 
If during navigation an unexpected ob¬ 
stacle is detected blocking the planned 
path, the robot returns to the intersection 
(node) previously crossed and restarts its 
path-planning from this new origin. If 
the subgoal is still reachable under the 
time constraints with a new plan, the 
robot continues toward it. If not, the 
current plan to reach the subgoal is aban¬ 
doned and the station with the next short¬ 
est time constraint is examined as the 
next subgoal. 

Automatic learning by 
an autonomous robot 

The literature includes a considerable 
amount of research on automatic learn¬ 
ing. 11 Although most of this research is 
not directed to robotics, the development 
of learning systems would profoundly 
enhance the effectiveness of an autono¬ 
mous robot operating in an unstructured 
environment. The learning system would 
compensate for the lack of a priori infor¬ 
mation (which would have to have been 
provided explicitly by the human pro¬ 
grammer) by assessing the current state 
of the environment and, on the basis of 
past experience, proposing the next ac¬ 
tion. Furthermore, a learning system 
could provide a more flexible and robust 
means to insert knowledge into a robot; 
teaching with a set of training examples 
can be easier than reprogramming a more 
conventional system. 

Learning by interacting with the en¬ 
vironment. To investigate autonomous 
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Figure 2. Layout of the experimental area for HERMIES-IIB. The robot navi¬ 
gates from point A to point B, stopping at intermediate goals A, and A 2 and 
responding to dynamic obstacles at points S and M. The robot moves from 
point B to the control panel, stopping at intermediate goals B, and B r At 
point R the robot is close enough to read the meter. 


learning, we constructed a mock-up 
control panel with large push buttons and 
big levers that could be manipulated with 
the primitive Hero arms of HERMIES- 
IIB. The panel was equipped with four 
buttons (each with a pilot light), two 
levers, and a “danger” light. The status 


(on/off) of the pilot lights and danger 
light and the position of the meter 
needles, all functions of the push-button 
status and the lever positions, allowed 
HERMIES-IIB to observe the conse¬ 
quences of its actions. 

The particular function (relating but¬ 


ton/lever status to meter/danger light) 
was programmed into a PC attached to 
the control panel. The function was 
unknown to the robot and had to be 
learned. The learning system consisted 
of production rules programmed on the 
expert system shell Clips. The produc¬ 
tion rules had access to C-coded external 
routines, which controlled the sensor 
and effector primitives. 

In a preliminary training activity, the 
robot was to discover by trial and error 
the sequence of push-button and lever 
moves that would turn off the danger 
light for a number of different panel 
configurations. For this task the robot 
was provided with domain knowledge 
about which primitive panel moves were 
possible and what feedback might be 
expected from correct and incorrect 
moves. For instance, a correct push¬ 
button move would turn on the associ¬ 
ated pilot light. 

Inference and concept formation. 

Following the training activity, the ro¬ 
bot was confronted with a new panel 
configuration. From the initial training 
set, sampled configurations of the panel 
were associated into categories accord¬ 
ing to the description of the type of 
initial states leading to a common re¬ 
sponse sequence. The new panel state 
was then categorized to best match past 
experience, and the response sequence 
associated with the selected category 
was attempted as a possible solution. 
The learning system was provided with a 
set of heuristics about principles of clas¬ 
sification (analogous to the generaliza¬ 
tion language in Mitchell’s “version- 
space learning” program 12 ). 

Different strategies of category for¬ 
mation were investigated and their effi¬ 
ciency in optimizing the learning was 
examined with respect to generating the 
most general hypothesis consistent with 
the training set. The hypothesis so gen¬ 
erated was continually modified by spe¬ 
cialization from experimental feedback 
of erroneous classification. 

A demonstration of 
navigation and 
learning 

To focus our research activities, prove 
the correctness of our general approach, 
test and verify the sensor-based reason¬ 
ing methodologies and algorithms, and 
better identify areas for further investi- 
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gation, we developed several experimen¬ 
tal scenarios and carried out associated 
demonstrations using HERMIES-IIB. 
Figure 2 illustrates such a demonstra¬ 
tion. It was conducted to test HERMIES- 
IIB’s capabilities in world modeling, 
autonomous navigation in dynamic envi¬ 
ronments, handling of contingencies, 
sensor-guided exploration and goal rec¬ 
ognition, reading and understanding of 
complex control devices, vision-guided 
manipulation, and innovative problem¬ 
solving on the basis of prior experience. 

Thd robot starts from some arbitrary 
initial location, denoted by A on the 
figure. The coordinates of this initial 
location A and of a subgoal location B 
are sent to the robot via the radio fre¬ 
quency link. HERMIES-IIB’s task is to 
navigate from A to B, avoiding or remov¬ 
ing several types of static and moving 
obstacles. From location B, HERMIES- 
IIB is to find and position itself in front 
of a mock-up control panel. There are no 
obstacles between location B and the 
panel. However, the control panel could 
be located at any point beyond B and 
need not be along the wall. All this navi¬ 


gation is done autonomously. After ob¬ 
serving a lighted danger signal and the 
status of the control panel levers and 
meters, HERMIES-IIB is to determine, 
autonomously, the appropriate sequence 
of button and lever motions on the basis 
of prior experience, thereby removing 
the danger status warning. 

HERMIES-IIB starts by making a 
wide-angle sonar scan of the environ¬ 
ment and planning a collision-free path 
to the reachable point closest to B. As the 
robot approaches its destination, a sonar 
scans the area ahead of it. If the sonar 
detects an unexpected obstacle within 
two feet of its path, the robot stops, 
diagnoses the nature of the obstacle, and 
takes appropriate action. 

When HERMIES-IIB reaches location 
B, the vision system searches for the 
panel. 1 This is accomplished as follows: 
Gray-value images of the scene are ob¬ 
tained via the camera and a wide-angle 
lens. They are converted to binary im¬ 
ages using a threshold based on the aver¬ 
age gray-value as determined from the 
image histogram. This proved to be a 
reasonably robust method, since the 


control panel and its immediate vicinity 
do not produce complicated gray-value 
distributions. The binary image is 
searched to identify groups of connected 
pixels (contiguous and like-colored). 
Each binary-image component is labeled 
along with component features such as 
size, aspect ratio, and moment of inertia. 
This list is compared with a description 
of the control panel generated from a 
priori information about the geometric 
relationship among the objects (meters 
and switches) on the front of the panel. If 
the binary-image components approxi¬ 
mate the expected features of the panel, 
the robot moves toward this image com¬ 
ponent, and the steps just outlined are 
repeated. The robot continues forward 
until the size of the binary-image compo¬ 
nents identified as meters indicates that 
the robot is close enough to the panel. 

One camera with a wide-angle lens 
was calibrated using the simple pinhole- 
camera model, which is based on the 
assumption that each point in the image 
plane can be connected to the corre¬ 
sponding world point using a straight 
line through a “pinhole” displaced from 
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Figure 3. HERMIES-III, the latest in a series of autonomous robots, is being 
used to approach human-scale performance. 





the center of the image by a distance 
equal to the focal length of the lens. 
Hence, in this demonstration, distance 
information is inferred from a priori 
knowledge of relative sizes of objects in 
the scene and not from stereo vision, as 
in some other experiments. 

With the robot centered in front of the 
panel, the vision system is used to deter¬ 
mine the location of all devices on the 
panel face and evaluate their state (at¬ 
tribute value). In the case of the analog 
meters, the region of the binary image 
identified as a meter is searched to find 
groups of pixels that form lines. Since 
the meters have two needles (one is a 
preset, or limit, needle), the images are 
searched to find the most prominent pair 
of lines. A Hough transform converts the 


needle position data from Cartesian to 
polar coordinates. The meter reading is 
determined by comparing the needle 
angle to a table of angle-versus-ampere 
values, and a corresponding attribute 
value is assigned. The knowledge gained 
during a previous training session with 
the panel emulator is used to infer the 
correct sequence of actions on the con¬ 
trol devices to turn/off the danger light, 
and vision-guided manipulation is used 
to perform these tasks. 

We have carried out this complete 
experiment successfully for a number of 
difficult sets of obstacle arrangements, 
vectors from the intermediate goal to the 
panel, and panel configurations. Thus we 
have validated our research approach in 
world modeling, autonomous navigation 


in dynamic environments, handling of 
contingencies, sensor-guided explora¬ 
tion and goal recognition, reading and 
understanding of complex control de¬ 
vices, vision-guided manipulation, and 
innovative problem solving based on 
prior experience. 


A lthough HERMIES-IIB is a 
powerful and versatile research 
tool, it has limited manipula¬ 
tive capabilities. To approach human- 
scale performance, CESAR has designed 
and is assembling a much larger testbed, 
HERMIES-III, to be used in future ex¬ 
periments. 13 

HERMIES-III is an autonomous robot 
comprising a seven-degree-of-freedom 
manipulator designed for human-scale 
tasks, a laser range finder, a sonar array, 
an omnidirectional wheel-driven chas¬ 
sis, multiple cameras, and a dual com¬ 
puter system containing a 16-node hy¬ 
percube expandable to 128 nodes (see 
Figure 3). The experimental program in¬ 
volves performance of human-scale 
tasks (for example, valve manipulation 
and use of tools), integration of a dexter¬ 
ous manipulator and platform motion in 
geometrically complex environments, 
and effective use of multiple cooperating 
robots (HERMIES-IIB and HERMIES- 
III). The environment the robots will 
operate in has been designed to include 
valves, pipes, meters, obstacles on the 
floor, valves occluded from view, and 
paths of differing navigational complex¬ 
ity. The ongoing research program sup¬ 
ports the development of autonomous 
capability for HERMIES-IIB and III to 
perform complex navigation and ma¬ 
nipulation under time constraints while 
dealing with imprecise sensory informa¬ 
tion. □ 
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Algorithmic Framework for 
Learned Robot Navigation 
in Unknown Terrains 


Nageswara S.V. Rao 
Old Dominion University 


T he piano movers problem deals 
with computing a collision-free 
path for a robot from a source 
position to a destination position through 
a terrain of polyhedral obstacles. The 
complete model of the terrain is avail¬ 
able, or known, so the robot can follow a 
planned path computed in a pre¬ 
processing stage. Yap presents an excel¬ 
lent survey of solutions to several vari¬ 
ants of this problem. 1 

A number of researchers have studied 
the problem of navigating a robot to a 
destination point in unknown terrain 
while avoiding a set of obstacles. 2 " 1 Path 
planning in unknown terrains is based on 
information obtained by the robot’s sen¬ 
sors, typically partial data about the ter¬ 
rain within a limited vicinity around the 
robot. The sensor operations are more 
important when the terrain is unknown 
than when it is known. Additionally, 
researchers in known-terrain problems 
have mainly been concerned with find¬ 
ing globally optimal algorithms. In con¬ 
trast, navigation algorithms for unknown 
terrains do not attempt to optimize para¬ 
meters. 3 

Basic approaches. There are two ba¬ 
sic approaches to the problem of naviga¬ 
tion in unknown terrain. The heuristic 
approach deals with specific robot 
systems in fixed environments (e.g., a 
circular or rectangular robot located in a 
laboratory room). Typically, the domain- 
specific knowledge is employed in the 
navigational algorithms. The works of 
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Our algorithmic 
framework solves the 
visit problem and 
the terrain model 
acquisition problem, 
allowing learned 
navigation of 
a point body through 
unknown terrain. 


Chatila 5 and Iyengar et al. 6 fall into this 
class. The engineering framework of 
these formulations generally does not 
require that the algorithms be specifi¬ 
cally validated. 

The second approach deals with algo¬ 
rithmic strategies for moving a robot 
body through a terrain. Abelson and 
diSessa’s Pledge algorithm enables a 
point body to escape mazes using touch. 2 
Lumelsky and Stepanov’s algorithms 
navigate a point robot to a destination 
point amidst simple closed obstacles on 
two-dimensional surfaces. 3 Their robot 
is also equipped with a touch sensor. In 
both cases, the robot does not have 
memory; path planning is exclusively 
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based on proximity information returned 
by the touch sensor. 

Iyengar et al. have introduced the 
notion of incorporating learning in the 
heuristic navigational algorithms. 6 The 
same notion is discussed by Oommen et 
al. 4 Here, the robot is equipped with a 
sensor system capable of touch sensing 
and distance probing, and the learning is 
incorporated by incrementally construct¬ 
ing a visibility graph of the terrain. 
Learning takes place as the robot visits a 
number of destination points. This prob¬ 
lem, called the visit problem, can be 
solved by repeated invocation of 
Lumelsky and Stepanov’s algorithm, 3 
but the solution offered by Oommen et 
al. is better overall because of the inci¬ 
dental learning feature. 4 

Consider a case where a robot gets into 
a local concavity while navigating from 
a source point 5 to a destination point d. 
If the robot is required to navigate from 
storfa number of times using Lumelsky 
and Stepanov’s algorithms, 3 it will enter 
the concavity every time. Moreover, the 
robot will use its sensors every time. 
However, if the robot uses the approach 
of Oommen et al., 4 it will enter the con¬ 
cavity the first time only and will avoid 
it all subsequent times. Further, it will 
only use the sensors the first time. 

Another navigational problem in un¬ 
known terrain deals with building a ter¬ 
rain map using information obtained by 
the sensors. Once a terrain model is built, 
the known-terrain algorithms can help 
plan a path to any destination point. Such 
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navigation does not involve sensor op¬ 
erations and can result in significant sav¬ 
ings in cases where sensor operations are 
time consuming and computationally ex¬ 
pensive. Furthermore, navigation plan¬ 
ning becomes a global activity, so a robot 
can avoid the local traps into which it 
could navigate if it used only a localized 
sensor-based algorithm. Turchen and 
Wong 7 describe a method for building a 
terrain map for specific room environ¬ 
ments. Chatila 5 and Laumond 8 discuss 
aspects of environment learning and 
world modeling for mobile robots. Rao 
et al. 9 discuss the terrain model acquisi¬ 
tion problem wherein a point robot must 
autonomously acquire the complete ter¬ 
rain model. 

Our work at Old Dominion University 
encompasses learned navigation and ter¬ 
rain model acquisition. Specifically, we 
present a framework that uses the same 
strategy to solve both problems. Both 
Oommen et al. 4 and Rao et al. 9 use the 
visibility graph as the underlying struc¬ 
ture and the depth-first search as a 
searching strategy. We show that any 
abstract graph structure that satisfies a 
set of four properties suffices as the 
underlying structure. We also show that 
any graph exploration algorithm can 
serve as the searching strategy. As a 
result, we obtain other navigation struc¬ 
tures to solve both problems. These 
methods provide paths that keep the 
robot as far from the obstacles as pos¬ 
sible. In some cases, these methods are 
preferrable to visibility graph methods 
that require the robot to navigate arbi¬ 
trarily close to the obstacles, which is 
hard to implement if the robot motions 
are not precise. 

Practical application. The visit prob¬ 
lem and the terrain model acquisition 
problem are simplified versions of prob¬ 
lems that arose in a practical application. 
The HERMIES-II (hostile-environment 
robotic-machine-intelligence experi¬ 
ment series) is a mobile robot being de¬ 
veloped at the Center for Engineering 
Systems Advance Research, Oak Ridge 
National Laboratory. The robot is in¬ 
tended for autonomous operation in ra¬ 
diation-prone environments that are 
unsuitable for humans, such as nuclear 
power plants experiencing radiation 
leaks. Autonomous navigation is one of 
the most important aspects to such a 
rescue robot. 

Leaks are infrequent, so a dedicated 
rescue robot would normally stay idle 


between rescue missions. Using our 
framework, the HERMIES-II could use 
the solution to the visit problem to turn 
off valves in hazardous areas and then 
could spend the periods between leaks 
acquiring the terrain model, thereby us¬ 
ing the resources efficiently and improv¬ 
ing its performance in future missions. 
Our work provides algorithmic strate¬ 
gies only as a basis for such a navigation 
system. I do not imply that our algo¬ 
rithms are readily implementable. 

In the next section I formally define 
our problem scenario. I then present a 
generalized algorithmic paradigm that 
gives rise to the solutions to both the visit 
problem and terrain model acquisition 
problem, followed by the solutions them¬ 
selves. This article illustrates only the 
basic ideas (detailed proofs can be found 
in Rao 10 ). 


Problem formulation 

Consider a finite two-dimensional ter¬ 
rain populated by a finite set O of simple 
stationary polygonal obstacles, where 
O = {O, , 0 2 , . . . , O n ). Each obstacle 
O e O is a polygon with a finite number 
of vertices. We sometimes refer to O as 
the terrain itself. Initially, the terrain is 
unknown, so no terrain model is avail¬ 
able. The total number of obstacle verti¬ 
ces is N. The obstacle-free space is 

q = nof 

where Of is the complement of the 
polygon O.. We denote the boundary of a 
polygonal region C by 5C. We define the 
closure of a set C as the union of the set 
C and its boundary 5C, and denote it 
by C. An obstacle’s vertex is called 
convex if the angle included by the ob¬ 
stacle at the comer is less than 180 
degrees. 

Robot. Consider a point-sized body R , 
the robot, capable of moving to a speci¬ 
fied destination point along a specified 
line segment or a second-order curve. 
We assume that R takes a finite amount 
of time to move a finite distance. R also 
houses a computational device with stor¬ 
age capability and is equipped with an 
algorithm B that computes a collision- 
free path to a destination point if the 
terrain model is known. B can be one of 
the algorithms for solving the navigation 
problem in known terrains. 


Sensor system. Consider two points 
x,y e £2, the closure of £2. The point x is 
visible from y if the line segment joining 
x and y is completely contained in £2. A 
subinterval of an obstacle edge is visible 
from y if every point on the interval is 
visible from y. 

Imagine a logical sensor S located on 
R. If R is at point .t in £2, then S can obtain 
the maximal subset of the boundary of £2 
such that each point in the subset is 
visible from s. The subset, called the 
seen-part from s, consists of obstacle 
vertices and subintervals of obstacle 
edges visible from s. A scan operation 
obtains the seen-part and can involve 
such time-consuming activities as ac¬ 
quiring the sensor data from the actual 
physical devices and processing the data 
using special computational algorithms. 
In grouping all these activities into the 
scan operation, we make no assumptions 
about the difficulty or ease with which 
such an operation can be carried out. 

The navigational problems. In the 
visit problem, R is initially located at a 
point d 0 and is required to visit a se¬ 
quence of destination points, d v 
d M , without colliding with the obstacle 
polygons. We call this sequence the 
navigation mission. We also refer to 
navigation from d. to d M as traversal, 
where d. is the source point and d M is the 
destination point. R must execute the 
mission in a finite amount of time if a 
collision-free path exists from d 0 to d M 
along the points d v d v ..., d M y If no 
such path exists, then R must report this 
fact in a finite amount of time. 

In the terrain model acquisition 
problem, R is located at d 0 and must auto¬ 
nomously acquire the complete terrain 
model so that it can navigate to any 
reachable destination point d without 
sensor operations (by applying the 
algorithm B of known terrains). If a point 
d is not reachable from R’s present loca¬ 
tion, then R declares that d is not reach¬ 
able. In other words, R obtains the re¬ 
quired navigation path to a specified 
destination point entirely computation¬ 
ally by using algorithm B\ no scan opera¬ 
tions need be performed during the navi¬ 
gation planning and execution. 

Solution paradigm 

We propose an algorithmic paradigm 
that yields correct algorithms to solve 
the visit and terrain model acquisition 
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Figure 1. A terrain 0 (a) and its restricted visibility graph (b). 


problems. We define a finite graph 4(0), 
called the navigation course for the 
terrain 0, as an underlying structure used 
by R for navigational purposes. Initially, 
4(0) is not known to R, but it is incre¬ 
mentally constructed from the sensor 
operations. The vertices of 1,(0) are 
called ^-vertices or nodes, and the edges 
are called 4-edges. The nodes adjacent to 
a 4-vertex v are called the neighbors of v. 
Each 4-vertex specifies a position for R, 
that is, a ^-vertex is a point in £1. R 
navigates between two nodes using the 
information stored with the 4-edge that 
connects them. Specifically, with each 
4-edge, R can store either a path that 
connects two end 4-vertices or informa¬ 
tion about the terrain that enables R to 
use the algorithm B to navigate between 
the two end nodes. 

In our paradigm, R performs a graph- 
exploration type of navigation using 
4(0). In solving the visit problem, R 
starts at a 4-vertex v 0 of the navigation 
course and navigates on %(0) until it 
reaches a node from which the required 
destination point can be reached. In solv¬ 
ing the terrain model acquisition 
problem, R systematically visits all %- 
vertices. When R visits a ^-vertex v, it 
locates itself at a point x e Q determined 


by v and, if this is R's first visit to v, 
performs a scan at this position. From 
this information, the adjacency list of v is 
computed and stored in memory for sub¬ 
sequent use. 

To assure that a graph exploration al¬ 
gorithm terminates, %(0) must contain a 
finite number of edges and vertices. 
Also, every point in the closure of free- 
space Q must be visible from some 
4-vertex. We call this property terrain 
visibility, which implies that every ob¬ 
stacle vertex and every point on every 
obstacle edge can be seen during a scan 
from a 4-vertex. Furthermore, every pair 
of nodes must be connected by a graph 
path on 4(0)- Lastly, we must be able to 
construct the adjacency list of a 4-vertex 
from the information of a single scan, a 
property we call local constructibility. 

The properties of finiteness, terrain 
visibility, connectivity, and local con¬ 
structibility suffice to solve the visit and 
terrain model acquisition problems. 
Local constructibility enables R to ob¬ 
tain the adjacency list of a 4-vertex by 
using sensor scan operations or by ac¬ 
cessing memory if the list is already 
computed. Consequently, any graph al¬ 
gorithm that accesses the adjacency list 
of 4(0) can be implemented on R. Con¬ 


nectivity allows R to move from one 
4-vertex to another. A graph exploration 
algorithm that visits all the vertices of a 
graph can be used by R to visit all nodes. 
Such an algorithm terminates in a finite 
amount of time on 4(0) if it satisfies 
finiteness. If R performs a scan from 
every 4" vertex, then terrain visibility 
assures that every point in the free space 
will be seen during some scan operation. 
In particular, R will detect all the verti¬ 
ces and edges of the obstacles. 

Two navigation courses. The robot 
can use any graph structure that satisfies 
these four properties as a navigational 
course. Two structures that satisfy these 
properties illustrate our algorithms. The 
proofs that these structures satisfy the 
properties can be found in Rao. 10 

We define the first structure, the re¬ 
stricted visibility graph, RVG = (V, £), 
as follows: 

(1) V is the set of all convex obstacle 
vertices. 

(2) An edge (v,, v 2 ) e E, for v,, v 2 e V 
represents the fact that the line joining v, 
and v 2 either corresponds to an obstacle 
edge or does not intersect any obstacle 
polygon (see Figure 1). 
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Figure 2. A terrain O (a) and its navigation course VD (b). 


algorithm Lnav(v); 
begin 

perform a scan operation from v; 

if (d M is reachable from v) 

then move to d M 

else 

begin 

push v onto stack and mark v as visited; 
if (v has unvisited neighbor ^-vertices) 
then 
begin 

choose v* an unvisited neighbor of v; 
move to v*; 

Lnav(v*); 

end 

else 

begin 

repeatedly pop the stack to obtain u, a ^-vertex with unvisited 
neighbors; 

if (such u exists) 
then 
begin 
move to «; 

choose v* an unvisited neighbor of u; 
move to v*; 

Lnav(v*); 

end 

else move to d. and declare that d M is not reachable; 
end 
end 
end 


The second structure, VD, is based on 
the Voronoi diagram. Consider the ter¬ 
rain in Figure 2a. The convex hull of O is 
the minimal polygonal region that en¬ 
closes all obstacle polygons. The ex¬ 
tended hull is a convex polygonal region 
obtained by pushing the edges of the 
convex hull away from the obstacles by a 
distance x. The Voronoi diagram of the 
terrain is the locus of the points that are 
closest to at least two points on the ob¬ 
stacle boundary. It consists of straight 
line segments and second-order curve 
segments. The VD structure is the union 
of the Voronoi diagram contained in the 
extended hull and the boundary of the 
extended hull itself (see Figure 2b). 

Visit problem and 
incidental learning 

In our framework, Lnav (the sensor- 
based local-navigation algorithm) navi¬ 
gates R from d f to d M , and Gnav (the 
global-navigation algorithm) solves the 
visit problem. Gnav uses Lnav as a com¬ 
ponent and also incorporates the inciden¬ 
tal learning feature. For simplicity, I use 
the the depth-first search as the graph 
searching algorithm in the following dis¬ 
cussion. Other graph searching algo¬ 
rithms and the various resultant perform¬ 
ance trade-offs can be found in Rao. 10 


Figure 3. Lnav algorithm. 


Lnav. R is initially located at d., where 
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Figure 4. Execution of Lnav: (a) R moving out of a concavity; (b) R escaping from a maze. 


it performs a scan and moves to d M if it 
is reachable. If d M is not reachable, R 
computes a ^-vertex v 0 and moves to v 0 . 
R continues to visit nodes until it finds 
d M reachable. 

Figure 3 presents the Lnav algoithm. 

I Let R be located at a ^-vertex v. R in¬ 

vokes Lnav from v 0 , performs a scan, and 
moves to d M if it is reachable. Otherwise, 
R computes the adjacency list of v, marks 
v as visited, and pushes it onto a stack. 
Note that R correctly computes the adja¬ 
cency list by the local constructibility 
property of 5,(0). 

If ahy nodes adjacent to v have not 
been visited, R chooses one, v*, moves to 
it, and applies Lnav recursively. If all 
nodes adjacent to v have been visited, R 
backtracks. Specifically, the stack is 
repeatedly popped until a ^-vertex u with 
unvisited neighbors appears on the top of 
the stack. R then moves to u, moves to an 
unvisited neighbor of u, and applies Lnav 
recursively. 

If all nodes adjacent to v have been 
visited and all nodes on the stack have 
only visited neighbors, then R returns to 
the starting vertex v 0 . From there, it re¬ 
turns to the initial location d. and de¬ 
clares that d M is not reachable. 


Lnav implements a depth-first-like 
search on 5,(0) and can execute in a finite 
amount of time due to the finiteness, con¬ 
nectivity, and local constructibility of 
£(0). In the worst case, R visits all nodes 
and sees the entire free space (due to ter¬ 
rain visibility). If d M is still unreach¬ 
able, it lies outside the free space. In a 
general case, however, d M might be 
found reachable before R visits all nodes, 
proving Lnav’s correctness. 

Figure 4a shows R moving to a destina¬ 
tion point using VD as the navigational 
course. Figure 4b shows a case where R 
backtracks while moving out of a maze. 
Lnav navigates R to a reachable destina¬ 
tion or declares that the destination is not 
reachable. However, the exact number of 
scan operations, the number of invoca¬ 
tions of algorithm B, and the distance 
traversed by R depend on the method 
Used to compute v* in Lnav. We can use 
several heuristics that exploit domain- 
dependent knowledge to select v\ but 
any heuristic selection criterioH will be 
based on the partial information avail¬ 
able to R at the time of selection. Thus, 
any selection criterion can be defeated 
by choosing a configuration (in the next 
step) that is not conducive to the chosen 


criterion. No single heuristic criterion 
enables us to optimize chosen parame¬ 
ters in all cases. 

Gnav. Lnav primarily uses sensor in¬ 
formation to navigate R, but the informa¬ 
tion acquired is not used after the naviga¬ 
tion is completed. In particular, if Lnav 
navigates R from d. to <J. +| twice, then R 
will perform the same number of opera¬ 
tions twice (assuming that R uses the 
same criterion to choose v*). 

By retaining the sensor information 
obtained in the first invocation, R could 
carry out the second invocation without 
the sensor operations. We used this idea 
to obtain Gnav, a modified version of 
Lnav where the information obtained in 
the scan operations is stored in a global 
model. 

Let R be located at d., and assume that 
R has stored the scan information ob¬ 
tained so far in a global terrain model 
that is a partially built 5,(0). We compute 
a ^-vertex d'. that is nearest to d M and 
use the partially built 5,(0) to navigate 
there. From d". to d M , we resort to Lnav. 
Note that navigation from d i to d\ uses 
Ohly the existing information and does 
not require sensor operations. Gnav for 


June 1989 




































16 


Figure 5. Implementation of Acquire with its restricted visibility graph. 


the navigation just described is as 
follows: 

algorithm Gnav(d + | ); 
begin 

compute </*, a x-vertex nearest to 
d M ; 

move to d*. along a path 
consisting of x-edges; 

Lnav(d*.); 

end; 

The navigation from d. to d\ occurs 
along the hedges, so R can navigate 
using the algorithm B. Lnav then carries 
out the navigation from d\ to d M . 

Assume that R has already executed 
the navigation course d v d r , d., and 
now must navigate to d M . Let us say that 
R used Lnav in one case and Gnav in the 
other case. The relative performance of 
Gnav compared to that of Lnav depends 


on the exact nature of the accumulated 
information obtained by R in executing 
the partial navigational course d v d 2 , 
. . ., d r Thus, the learning process in¬ 
volved is incidental. Gnav’s relative per¬ 
formance improves if R navigates 
through a large number of widely scat¬ 
tered destination points. On the other 
hand, the performance of Lnav and Gnav 
could be almost the same if R must navi¬ 
gate in completely unknown regions. 

We can provide R with a sufficiency 
condition to test the completion of the 
terrain model. We derive the test as fol¬ 
lows: The set S, contains all known 
unvisited ^-vertices. The set initially 
contains the neighbors of v 0 . When R 
visits a ^-vertex v, it performs a scan and 
inserts all unvisited neighbors of v into 
S r Since v has now been visited, it is 
deleted from S r Every 4-vertex v is in¬ 
serted into S, at some stage (due to con¬ 


nectivity and local constructability) and 
deleted only when visited. So, when S, 
becomes empty, a scan has been per¬ 
formed from every node; hence, R has 
completely constructed the terrain model 
and 4(0)- By the connectivity of 4(0), a 
path P exists from v 0 to every 4-vertex v. 
Assume that S, is empty and that a scan 
is not performed from v. Then backtrack 
along P from v to find the first visited 
vertex v,. In this case, v,’s neighbor on P 
should be contained in S,, which is 
empty. Hence, a scan must have been 
performed from every node and the ter¬ 
rain model must be complete. 

R could attain this stage at any point 
during the execution of Gnav. After com¬ 
pleting the terrain model, R switches off 
its sensor and uses the algorithm B for 
subsequent navigation. 

Expected behavior of Gnav. A simple 
scenario illustrates Gnav’s behavior. Let 
T j (» = 1, 2, . . . , M) denote the traversal 
from d. t to d.. Now consider a situation 
that is probabilistically independent with 
respect to traversals. In particular, let p v , 
v e V, (4(0) = (V, £)) denote the proba¬ 
bility of R visiting v during the traversal 
T.. The expected value for the number of 
scan operations performed by Lnav at a 
vertex v during T. is p v . Thus, the 
expected number of scan operations per¬ 
formed from v is Mp v . If Gnav is em¬ 
ployed, then one scan at most is per¬ 
formed from each v. The probability that 
a scan is performed from v during T. is 
(1 -py~'p v . Hence, the expected value for 
the number of scan operations performed 
from v is 

£(1 -pX'p v = HI -pf 

This value is less than 1 for p v < 1. Thus, 
in terms of this value, the algorithm 
Gnav is better for M > 1 lp r , for p r < 1. 

For all navigation missions such that 



£Ts G ] < £[sj, where E[x] denotes the 
expected value for the random variable x, 
s c is the number of scan operations by 
Gnav, and s L is the number of scan opera¬ 
tions by Lnav. 

Consider the case in which R has exe¬ 
cuted the traversals T v T r ... , T, and 
must execute T M . Now let s L and s c 
represent the number of scans performed 
by Lnav and Gnav, respectively, in 
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executing T M . By the “memoiyless” 
nature of Lnav 

E[s l ] = 'Lp v 

Using the above arguments, 

e[s g ] = X (i - Pv y Pv . 

Thus, we have the following direct re¬ 
sults: 



£[s 0 ] -» 0, for / -> ~ 

In terms of the expected number of 
scans during T. +| , the first result means 
that Gnav performs better than repeated 
application of Lnav. The second result 
means that the expected value ap¬ 
proaches zero as R executes a large 
number of traversals using Gnav. Con¬ 
sider a navigation mission that consists 
of a large number of destination points. 
Using Gnav, R performs fewer scans and 
enters fewer local traps (due to the par¬ 
tial availability of the global terrain 
model) as the number of traversals in¬ 
creases. 

Terrain model 
acquisition problem 

The Acquire algorithm solves the ter¬ 
rain model acquisition problem in a man¬ 
ner similar to Gnav’s solution to the visit 
problem. R systematically visits all 
nodes (in a depth-first manner) until it 
has performed a scan from each of them. 
R stops scan operations when it reaches a 
^-vertex v with no unvisited neighbors 
and when the stack of nodes with 
unvisited neighbors is empty. At this 
stage, R has visited all the nodes of 2,(0) 
and all points on the obstacle boundaries 
have been seen. The entire terrain model 
is derived from the information from all 
scan operations. 

Consider the following argument. A 
^-vertex is pushed onto the stack only if 
R visits it and performs a scan from it. A 
^-vertex is removed from the stack only 
if all its neighbors are visited. Let w be a 
^-vertex that has not been visited by R 
even after the robot has emptied the stack 
in an attempt to find a node with an 
unvisited neighbor. Let v 0 be the first 
^-vertex R visits, and assume that a path 
exists from v 0 to w (such a path does exist 


because £(0) is connected). Backtrack 
from w to v 0 to find the first visited node, 
w", along the path. Since w* has been 
visited, there must be a path from v 0 to w* 
along visited nodes. Hence, w* would 
have been pushed onto the stack at some 
point and would not have been deleted, 
since it has an unvisited neighbor. The 
stack is empty, however, so R must have 
visited every w. R identifies this as the 
point at which the terrain model is com¬ 
pletely built. Note that the sufficiency 
condition detailed earlier can also be 
used. The rest of Acquire’s proof of 
correctness resembles that of Lnav. 

Figure 5 shows the case of a point 
robot executing Acquire using the re¬ 
stricted visibility graph as the naviga¬ 
tional course. The number of scans 
performed by R equals the number of 
vertices of £(0). Recall that the number 
of scans while executing Lnav is a vari¬ 
able that depends on the strategy used to 
compute v*. For Acquire, the strategy 
used to compute v* does not affect the 
number of scans but can effect other 
parameters such as the number of times 
the algorithm B is invoked and the dis¬ 
tance traversed. 


O ur proposed framework is gen¬ 
eral in that it can be applied to 
any situation involving mobile 
robots or manipulators where a suitable 
navigation course could be found. In 
particular, applying RVG and VD to cir¬ 
cular robots is straightforward. 

Future work could apply the frame¬ 
work to more realistic situations involv¬ 
ing three-dimensional terrains and ro¬ 
bots with more complex geometric 
shapes. Implementation of the proposed 
algorithms on real-life robots raises 
other important issues, including sens¬ 
ing and movement, which I have not 
presented here. However, the discussed 
algorithmic framework lays a foundation 
on which navigation systems for such 
robots can be built. 
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Using Occupancy Grids for 
Mobile Robot Perception 
and Navigation 

Alberto Elfes 


T o widen the range of application 
and deployment of robots, both in 
research and in industrial con¬ 
texts, we need to develop more powerful 
and flexible robotic systems exhibiting 
higher degrees of autonomy and able to 
sense, plan, and operate in unstructured 
environments. For that, the robot must be 
able to interact coherently with its world, 
both by being able to recover robust and 
useful spatial descriptions of its surround¬ 
ings using sensory information and by 
efficiently utilizing these descriptions in 
appropriate short-term and long-term plan¬ 
ning and decision-making activities. 

This article reviews a new approach to 
robot perception and world modeling that 
uses a probabilistic tesselated representa¬ 
tion of spatial information called the occu¬ 
pancy grid . 1 The occupancy grid is a multi¬ 
dimensional random field that maintains 
stochastic estimates of the occupancy state 
of the cells in a spatial lattice. To construct 
a sensor-derived map of the robot’s world, 
the cell state estimates are obtained by 
interpreting the incoming range readings 
using probabilistic sensor models. Baye¬ 
sian estimation procedures allow the incre¬ 
mental updating of the occupancy grid 
using readings taken from several sensors 
over multiple points of view. 

The occupancy grid framework repre¬ 
sents a fundamental departure from tradi- 
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The occupancy grid 
framework provides a 
robust and unified 
approach to a variety of 
problems in spatial 
robot perception and 
navigation. 


tional approaches to robot perception and 
spatial reasoning. By utilizing probabilis¬ 
tic sensor models and representation 
schemes, this approach supports the devel¬ 
opment of agile and robust sensor interpre¬ 
tation mechanisms, incremental discovery 
procedures, explicit handling of uncer¬ 
tainty, multisensor composition of infor¬ 
mation, and spatial reasoning tasks within 
an integrated framework. 

The following sections give an over¬ 
view of the occupancy grid framework and 
illustrate its application to a number of 

0018-9162/89/0600-0046S01.00 ©1989 IEEE 


problems in the mobile robot domain, in¬ 
cluding range-based mapping, multiple¬ 
sensor integration, path planning and navi¬ 
gation, handling of sensor position uncer¬ 
tainty due to robot motion, and related 
tasks. I contrast the occupancy grid frame¬ 
work to geometric approaches to sensor 
interpretation and suggest that a number of 
robotic tasks can be performed directly on 
the occupancy grid representation. I con¬ 
clude with an overview of further research. 

Spatial sensing and 
modeling for robot 
perception 

One of the long-term goals of the re¬ 
search discussed in this article has been the 
development of robust mapping and navi¬ 
gation systems for mobile robots operating 
in and exploring unstructured and un¬ 
known environments. 

Such scenarios occur in a variety of 
contexts. Robot rovers being developed 
for planetary and space exploration, or 
autonomous submersibles devoted to sub¬ 
marine prospecting and surveying, have to 
deal with unexpected circumstances and 
require the ability to handle complex and 
rough environments with little or no prior 
knowledge of the terrain. While planetary 
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rovers may take advantage of terrain maps 
obtained from orbiting surveyors for 
global planning strategies, these will be of 
limited resolution and not useful for de¬ 
tailed path planning and navigation. 

On the other hand, mobile robots devel¬ 
oped for factory automation purposes or 
for operation in hazardous mining environ¬ 
ments or nuclear facilities generally can be 
expected to operate in more constrained 
situations and to have access to precom¬ 
piled maps derived from plant blueprints. 
However, such maps may become out¬ 
dated. Additionally, over the long dis¬ 
tances traversed by autonomous vehicles, 
inertial or dead-reckoning navigation 
schemes may accumulate substantial posi¬ 
tional errors. This makes it difficult for the 
robot to position itself in precompiled 
world models, to register sensor informa¬ 
tion to an absolute frame of reference, or to 
construct global maps that are precise in 
Cartesian coordinates. 

These considerations lead to some fun¬ 
damental requirements for mobile robots. 
Autonomous vehicles must rely heavily on 
information recovered from sensor data 
and must be able to operate without pre¬ 
compiled maps. Sensor views obtained 
from multiple sensors and different loca¬ 
tions have to be integrated into a unified 
and consistent world model, and sensor 
uncertainty and errors have to be handled. 
Precompiled maps, when available, should 
be used to complement sensor-derived 
maps. Finally, the positional drift of the 
sensors due to the robot motion has to be 
taken into account in the mapping and 
navigation procedures. 

Traditional approaches to sensor inter¬ 
pretation for robot perception have largely 
relied on the recovery and manipulation of 
geometric world models. 1 Low-level sens¬ 
ing processes extract geometric features 
such as line segments or surface patches 
from the sensor data, while high-level 
sensing processes use symbolic models, 
geometric templates, and prior heuristic 
assumptions about the robot’s environ¬ 
ment to constrain the sensor interpretation 
process. The resulting geometric world 
models serve as the underlying representa¬ 
tion for other robotic tasks, such as ob¬ 
stacle avoidance, path planning and navi¬ 
gation, or planning of grasping and assem¬ 
bly operations. 

These approaches, which as an ensemble 
characterize what we refer to as the geo¬ 
metric-paradigm in robot perception, have 
several shortcomings.' Generally speak¬ 
ing, the geometric paradigm leads to sparse 
and brittle world models; it requires early 


decisions in the interpretation of the sensor 
data for the instantiation of specific model 
primitives; it does not provide adequate 
mechanisms for handling sensor uncer¬ 
tainty and errors; and it relies heavily on 
the adequacy of the precompiled world 
models and the heuristic assumptions used, 
introducing strong domain-specific de¬ 
pendencies. Better descriptions of the 
robot’s environment are derived primarily 
from the application of finer tuned prior 
models and additional constraints to the 
available sensor data, rather than from 
strategies based on additional sensing. 

Because of these shortcomings, the 
geometric paradigm implicitly creates a 
wide gap between two informational lay¬ 
ers: the layer that corresponds to the impre¬ 
cise and limited information actually pro¬ 
vided by the sensor data, and the layer of 
abstract geometric and symbolic world 
models operated on by the sensing and 
world modeling processes. Consequently, 
geometric approaches to robot perception 
may be useful in highly structured do¬ 
mains, but have limited applicability in 
more complex scenarios, such as those 
posed by mobile robots. 

Occupancy grids 

The occupancy grid framework ad¬ 
dresses the requirements and concerns 
outlined above through the development 
of spatial robot perception and reasoning 
mechanisms that employ probabilistic 
sensor interpretation models and random 
field representation schemes. In so doing, 
it supports robust mapping and navigation 
strategies and allows a variety of robotic 
tasks to be addressed through operations 
performed directly on the occupancy grid 
representation. 

This section provides a brief overview 
of the occupancy grid formulation, while 
the following sections illustrate the appli¬ 
cation of occupancy grids to the mobile 
robot mapping and navigation domain. The 
actual derivation of the probabilistic esti¬ 
mation models used is beyond the scope of 
this article and can be found elsewhere, 12 
as can more detailed discussions of the 
experimental work. 1 ' 4 

Occupancy grid representation. The 

occupancy grid representation employs a 
multidimensional (typically 2D or 3D) 
tesselation of space into cells, where each 
cell stores a probabilistic estimate of its 
state. Formally, an occupancy field O(x) is 
a discrete-state stochastic process defined 


over a set of continuous spatial coordinates 
x= (x r x v ..., x n ), while the occupancy grid 
is a lattice process, defined over a discrete 
spatial lattice. The state variablei(C) asso¬ 
ciated with a cell C of the occupancy grid 
is defined as a discrete random variable 
with two states, occupied and empty, de¬ 
noted OCC and EMP. Consequently, the 
occupancy grid corresponds to a discrete- 
state binary random field. 5 Since the cell 
states are exclusive and exhaustive, P[s(C) 
= OCC] + P[s(C) = EMP] = 1. More gen¬ 
eral models are possible by using a random 
vector and encoding multiple properties in 
the cell state. I refer to these representa¬ 
tions as inference grids' This article dis¬ 
cusses the estimation of a single property, 
the occupancy state of each cell. 

Estimating the occupancy grid. Since 
a robot can only obtain information about 
its environment indirectly, through its 
sensors, the recovery of a spatial world 
model from sensor data is best modeled as 
an estimation theory problem.The specific 
steps involved in estimating the occupancy 
grid from sensor readings are sketched out 
in Figure 1. 

To interpret the range data obtained 
from a given sensing device, we use a sto¬ 
chastic sensor model defined by a proba¬ 
bility density function of the form p(r I z), 
which relates the reading r to the true 
parameter space range value z. This den¬ 
sity function is subsequently used in a 
Bayesian estimation procedure to deter¬ 
mine the occupancy grid cell state proba¬ 
bilities. Finally, we can obtain a determin¬ 
istic world model, using optimal estima¬ 
tors such as the maximum a posteriori 
(MAP) decision rule to assign discrete 
states to the cells, labeling them occupied, 
empty, or unknown. We emphasize, how¬ 
ever, that many robotic tasks can operate 
directly on the occupancy grid representa- 

In the discussion below, the occupancy 
grid is modeled as a Markov random field 
(MRF) 5 of order 0, so the individual cell 
states can be estimated as independent 
random variables. We can employ compu¬ 
tationally more expensive estimation pro¬ 
cedures for higher order MRFs. 

To allow the incremental composition 
of sensory information, we use the sequen¬ 
tial updating formulation of Bayes’ theo¬ 
rem to determine the cell occupancy proba¬ 
bilities. 1 Given a current estimate of the 
state of a cell C, P[i(C.) = OCC I ]r],], 
based on observations ]r) f = ..., r } and 

given a new observation r + | , the improved 
estimate is given by 
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Figure 1. Estimating the occupancy grid from sensor data. 


P[s(x) = OCC/r](x) 


Figure 2. Occupancy probability profile for an ideal sensor. 


P^C,) = occ I {/•}„,] = (1) 

Plr,+1 k(c,) = OCC] P[s(C,) - OCCI {/-},] 
^p[r t+ 1 | s(C,)] P[s(Q) | {/-},] 
s(C,) 

In this recursive formulation, the previ¬ 
ous estimate of the cell state, / > [s(C.) = 
OCC I [r} t ], serves as the prior and is 
obtained directly from the occupancy grid. 
The new Cell state estimate P[s(C t ) = OCC 
I f'i [+1 ] is subsequently stored again in the 
map. For the initial prior cell state proba¬ 
bility estimates, we Use maximum entropy 
priors. 6 Obtaining the p[r I s(C.)] distribu¬ 
tions from the sensor model p{r I z) is done 
using Kolmogoroff’s theorem. 7 We can 


derive closed form solutions of these equa¬ 
tions for certain sensor models and com¬ 
pute numerical solutions in other cases. 

To illustrate the approach. Figure 2 
shows the occupancy profile derived for 
the case of a one-dimensional ideal range 
sensor, characterized by p{r I z) = 8(r-z). 
Given a range reading r, the corresponding 
cell has occupancy probability 1. The pre¬ 
ceding cells are empty and have occupancy 
probability 0. The succeeding cells have 
not been observed and are therefore un¬ 
known, so the occupancy probability is 
0.5. 

A sequence of occupancy profiles ob¬ 
tained from a one-dimensional Gaussian 
range sensor appears in Figure 3. The sen¬ 
sor model 


,,(r|z) = vfc ex « , (- 


is shown superimposed (dashed line). Sev¬ 
eral successive updates of the occupancy 
probabilities are plotted, with the sensor 
positioned at x=0.0 and r=2.0. The grid 
was initialized to P[s(;t) * OCC](x) = 0.5. 
The sequence of occupancy profiles shows 
that the occupancy grid converges towards 
the behavior of the ideal sensor. 

Finally, a two-dimensional occupancy 
grid generated from a single sonar range 
reading is shown in Figure 4. The sonar 
sensor is modeled with Gaussian uncer¬ 
tainty in both range and angle. The sensor 
probability density function is given by 


P(r | z,0) = 



(3) 


5 )] 


The occupancy profile shown corre¬ 
sponds to a range measurement taken by a 
sonar sensor positioned at the upper left 
and pointing to the lower right. The hori¬ 
zontal surface corresponds to the unknown 
level. 


Sensor integration. To increase the 
capabilities and performance of robotic 
systems in general requires a variety of 
sensing devices to support the various 
tasks to be performed. Since different 
sensor types have different operational 
characteristics and failure modes, they can 
in principle complement each other. This 
is particularly important for mobile robots, 
where multiple sensor systems can be used 
to generate improved world models and 
provide higher levels of safety and fault 
tolerance. 

Within the occupancy grid framework, 
sensor integration can be performed using 
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a formula similar to Equation 1 to combine 
the estimates provided by different sen¬ 
sors. 12 For two sensors S, and S 2 , this 
requires using the corresponding sensor 
models p t (r I z) and p 2 (r I z). As a result* the 
same occupancy grid can be updated by 
multiple sensors operating independently. 

A different estimation problem occurs 
when separate occupancy grids are main¬ 
tained for each sensor system and the inte¬ 
gration of these sensor maps is performed 
at a later stage by composing the corre¬ 
sponding cell probabilities. This scenario 
requires the combination of probabilistic 
evidence from multiple sources, which can 
be addressed using an estimation method 
known as the independent opinion pool. 6 
This method involves summing the evi¬ 
dence for each cell state and performing 
the appropriate normalization. 

Incorporation of user-provided maps. 

Throughout this article we are mainly 
concerned with scenarios where the robot 
operates in unknown environments, so no 
prior maps can be used. As already men¬ 
tioned, however, in some situations such 
knowledge is available and can be repre¬ 
sented using geometric and symbolic 
models. 8 

The occupancy grid framework incor¬ 
porates information from such high-level 
precompiled maps using the same method¬ 
ology outlined in the previous sections. To 
provide a common representation, the 
geometric models are scan-converted into 
an occupancy grid, with occupied and 
empty areas assigned appropriate proba¬ 
bilities. These precompiled maps can sub¬ 
sequently be used as priors or can simply 
be treated as another source of information 
to be integrated with sensor-derived maps. 

Decision making. For certain applica¬ 
tions, it may be necessary to assign spe¬ 
cific states to the cells of the occupancy 
grid. An optimal estimate of the state of a 
cell is given by the maximum a posteriori 
(MAP) decision rule 7 : a cell C is occupied 
if P[s(C) = OCC] > P[r(C) = EMP], empty 
if P[s(C) = OCC] < P[s(C) = EMP], and 
unknown if P[s(C) = OCC] = P[s{C) = 
EMP], 

We could use other decision criteria, 
such as minimum-cost estimates. Depend¬ 
ing on the specific context, it may also be 
useful to define an unknown band, as 
opposed to a single thresholding value. 
However, many robotic tasks can be per¬ 
formed directly on the occupancy grid, 
precluding the need to make discrete 
choices concerning the state of individual 




Figure 4. Occupancy grid for a two-dimensional Gaussian sensor. 
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Figure 5. A comparison of emphases in the geometric paradigm versus the occu¬ 
pancy grid framework. 



Figure 6. A framework for occupancy-grid-based robot mapping. 


cells. In path planning, for example, we 
can compute the cost of a path in terms of 
a risk factor directly related to the corre¬ 
sponding cell probabilities. 1,3 

Characteristics of the occupancy grid 
approach. From the foregoing discussion, 
several aspects of the occupancy grid 
framework become evident. I have stressed 
the use of probabilistic sensor models to 
perform sensor interpretation and handle 
sensor uncertainty, and the use of probabil¬ 
istic estimation procedures to update the 
occupancy grid. Consequently, no precom¬ 
piled geometric models and no runtime 
segmentation decisions are necessary. 
Additionally, the use of a decision-theo¬ 
retic framework makes possible state¬ 
ments about the optimality of the esti¬ 
mates. 

Further note that the occupancy grid 
itself provides a stochastic spatial world 
model. The random field explicitly en¬ 
codes both the spatial information and the 
associated uncertainty, and does not re¬ 
quire discrete choices. It is possible to 
derive deterministic voxel models or 
higher-level geometric representations 
from the occupancy grid; however, the 
suitability of a representation is directly 
related to how well it describes its subject 
and how easily relevant information can be 
extracted from it. From this point of view, 
I argue that a number of robotic tasks can 
be efficiently addressed within the occu¬ 
pancy grid framework. 1 

This approach also has some specific 
implications. Due to the intrinsic limita¬ 
tions of sensor systems, spatial sensor 
interpretation is fundamentally an under¬ 
constrained problem. Within the occu¬ 
pancy grid framework, we achieve disam¬ 
biguation of the sensor data and recovery 
of better world models primarily through 
strategies that emphasize additional sens¬ 
ing, rather than through the use of finer 
tuned heuristics or additional assumptions 
about the robot’s environment. Instead of 
relying on a small set of observations to 
generate a world model, we compose in¬ 
formation from multiple sensor readings 
taken from different viewpoints to esti¬ 
mate and improve the sensor-derived oc¬ 
cupancy grids. This leads naturally to an 
emphasis on a high sensing-to-computa- 
tion ratio and on the development of im¬ 
proved sensor models and active sensing 
strategies. 

Figure 5 provides a contrast between 
some of the emphases in the occupancy 
grid approach and in the geometric para¬ 
digm, outlined earlier. 
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Usine occupancy grids for [~ 
mobile robot mapping 



Figure 7. The Neptune mobile robot, built by Gregg Podnar at the Carnegie 
Mellon University Mobile Robot Lab, shown with a circular sonar sensor array 
and a pair of stereo cameras. Vehicle locomotion and sensor interfaces are con¬ 
trolled by on-board processors, while the Dolphin mapping and navigation sys¬ 
tem runs on an off-board mainframe. This robot was used for indoor range 
mapping and sensor integration experiments. 



Figure 8. The Locomotion Emulator mobile robot, built at the CMU Field Robot¬ 
ics Center. Designed for navigation experiments in mining environments, this 
vehicle is capable of implementing several locomotion strategies. It is shown here 
with a sonar sensor array. 


Reviewing some applications to the 
mobile robot domain will illustrate the 
occupancy grid framework. This section 
discusses the use of occupancy grids in 
sensor-based robot mapping. The next 
section provides an overview of their use 
in robot navigation. 

One possible flow of processing for the 
use of occupancy grids in mobile robot 
mapping appears in Figure 6. The vehicle 
explores and maps its environment, ac¬ 
quiring information about the world. Data 
acquired from a single sensor reading is 
called a sensor view. Various sensor views 
taken from a single robot position can be 
composed into a local sensor map. Mul¬ 
tiple sensor maps can be maintained sepa¬ 
rately for different sensor types, such as 
sonar or laser. To obtain an integrated 
description of the robot’s surroundings, 
sensor fusion of the separate local sensor 
maps is performed to yield a robot view , 
which encapsulates the total sensor infor¬ 
mation recovered from a single sensing 
position. As the vehicle travels through its 
terrain of operation, robot views taken 
from multiple data-gathering locations are 
composed into a global map of the envi¬ 
ronment. This requires the registration of 
the robot views to a common frame of 
reference, an issue addressed in the next 
section. 

For experimental validation, the frame¬ 
work outlined above was implemented and 
tested on several mobile robots in both 
indoor and outdoor scenarios. We will look 
at some results derived from experiments 
in sonar-based mapping and in sensor inte¬ 
gration of sonar and single-scanline stereo. 

Sonar-based mapping. Early work 
with sonar-based mapping 1 9 initially mo¬ 
tivated the development of occupancy 
grids and led to the implementation of a 
mobile robot range-based mapping and 
navigation system called Dolphin. A vari¬ 
ety of experiments were used to test this 
system. 1 - 1 For indoor runs, a mobile robot 
called Neptune was used (see Figure 7); 
outdoor runs were performed with a larger 
robot vehicle called the Terregator. More 
recently, a new version of the Dolphin sys¬ 
tem was installed on the Locomotion 
Emulator, a mobile platform designed for 
navigation in mining environments (see 
Figure 8). 

Figure 9 displays a typical 2D sonar 
occupancy grid, while Figure 10 provides 


a 3D plot of the corresponding occupancy 
probabilities. Examples of other maps are 
given in Figure 11,'which shows a sonar 


map obtained during navigation down a 
corridor, and Figure 12, which corresponds 
to a run in a wooded outdoor park. 
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Figure 9. A two-dimensional sonar occupancy grid. Cells with high occupancy 
probability are represented in red, while cells with low occupancy probability 
are shown in blue. The robot positions from where scans were taken are shown 
by green circles, while the outline of the room and of major objects is given by 
white lines. This map shows the Mobile Robot Lab. 



_ 

Figure 10. Occupancy grid probabili¬ 
ties for the sonar map. This 3D view 
shows the occupancy probabilities 
P[s(Cx . y .) = OCC](jc. ) of the map in 
Figure 9. 



Figure 11. Sonar mapping and naviga¬ 
tion along a corridor. Walls and open 
doors can be distinguished, and the 
resolution is sufficient to allow wall 
niches to be noticeable in the map. The 
range readings taken from each robot 
stop are drawn superimposed on the 
occupancy grid. 


Sensor integration of sonar and scan¬ 
line stereo. The occupancy grid frame¬ 
work provides a straightforward approach 
to sensor integration. Range measurements 
from each sensor are converted directly to 
the occupancy grid representation, where 
data taken from multiple views and from 
different sensors can be combined natu¬ 
rally. Sensors are treated modularly, and 
separate sensor maps can be maintained 


concomitantly with integrated maps, al¬ 
lowing independent or joint sensor opera¬ 
tion. In collaboration with Larry Matthies, 
I have performed experiments in the fusion 
of data from two sensor systems: a sonar 
sensor array and a single-scanline stereo 
module that generates horizontal depth 
profiles. 4 For sensor integration runs, the 
Neptune mobile robot was configured with 
a sonar sensor ring and a pair of stereo 


cameras (see Figure 7). The independent 
opinion pool method, mentioned earlier, 
was used to combine the occupancy grids 
derived separately for the two sensor sys- 

Figure 13 shows a typical set of maps. In 
general terms, we can see that the inte¬ 
grated maps take advantage of the comple¬ 
mentarity of the sensors. The stereo system 
depends on matching high-contrast image 
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Figure 12. An outdoor run. This map shows a sonar-based outdoor run in a wooded park area. The obstacles encountered 
are trees. 


features, so unmarked surfaces or low- 
contrast edges are not detected well. Stereo 
angular resolution is comparatively high, 
while the range uncertainty increases with 
distance. Sonar, on the other hand, detects 
surfaces well. But it has poor angular reso¬ 
lution due to the large beam width, while 
the range uncertainty itself is compara¬ 
tively low. Some of these characteristics 
become noticeable in Figure 13, where 
sonar misses open paths due to its beam 
width, while stereo misses object edges 
due to low contrast against the background. 
A corrective behavior can be seen in the 
integrated map. 

Using occupancy grids 
for mobile robot 
navigation 

We now turn to some examples of the 
use of occupancy grids in mobile robot 
navigation. We briefly address issues in 
path planning, estimating and updating the 
robot position, and incorporating the posi¬ 
tional uncertainty of the robot into the 
mapping process (as shown in Figure 14). 

Path planning. In the Dolphin system, 
path planning and obstacle avoidance are 
performed using potential functions and an 
A* search algorithm. The latter operates 
directly on the occupancy grid, optimizing 
a path cost function that takes into account 
both the distance to the goal and the occu¬ 
pancy probabilities of the cells trav¬ 


ersed. 1,3 Results of the operation of the r 
path planner can be seen in Figures 11 and L 
12 . 

Handling robot position uncertainty. 

To alio w the merging into a coherent model 
of the world of multiple views acquired by 
the robot from different sensing positions, 
we need accurate motion information to 
allow precise registration of the views for 
subsequent composition. For mobile ro¬ 
bots that move around in unstructured 
environments, recovering precise position 
information poses major problems. Over 
longer distances, dead reckoning estimates 
are not sufficiently reliable. Consequently, 
motion-solving methods that use landmark 
tracking or map matching approaches are 
usually applied to reduce the registration 
imprecision due to motion. Additionally, 
the positional error is compounded over 
sequences of movements as the robot trav¬ 
erses the environment. This leads to the 
need for explicitly handling positional 
uncertainty and taking it into account when 
composing multiview sensor information. 

To represent and update the robot posi¬ 
tion as the vehicle explores the terrain, we 
use the approximate transformation (AT) 
framework developed by Smith, Self, and 
Cheeseman. 10 A robot motion M, defined 
with respect to some coordinate frame, is 
represented as M = <M, >, where M is 

the estimated (nominal) position and is 
the associated covariance matrix that cap¬ 
tures the positional uncertainty. The para¬ 
meters of the robot motion are determined 
from dead reckoning and inertial naviga¬ 
tion estimates, which can be composed 
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Figure 13. Sensor integration of sonar 
and scanline stereo. Occupancy grids 
generated separately for sonar (a) and 
scanline stereo (b), as well as the inte¬ 
grated map (c) obtained through sen¬ 
sor fusion, are shown. Occupied re¬ 
gions are marked by shaded squares, 
empty areas by dots fading to white 
space, and unknown spaces by + 
marks. 
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Figure 14. A framework for occupancy-grid-based robot navigation. New robot 
views are used to update the global map, which in turn is used by the path plan¬ 
ner. After locomotion, the new robot position estimate is refined using a motion¬ 
solving procedure that finds an optimal registration between the robot view and 
the current global map. Finally, the remaining positional uncertainty is incorpo¬ 
rated into the map updating process as a blurring operation. 


using the AT merging operation, while the 
updating of the robot position uncertainty 
over several moves is done using the AT 
composition operation. 10 

Motion solving. For more precise posi¬ 
tion estimation, we employ a multiresolu¬ 
tion correlation-based motion-solving pro¬ 
cedure. 9 Increasingly lower resolution 
versions of the occupancy grids are gener¬ 
ated, and the search for an optimal registra¬ 
tion between the current robot view and the 
global map is done first at a low level of 
resolution. The result is subsequently 
propagated up to guide the search process 
at the next higher level of resolution. 


Incorporating positional uncertainty 
into the mapping process. After estimat¬ 
ing the registration between the new robot 
view and the current global map, we can 
incorporate the associated uncertainty into 
the map updating process as a blurring or 
convolution operation performed on the 
occupancy grid. We distinguish between 
world-based mapping and robot-based 
mapping.'- 2 In world-based mapping, the 
motion of the robot is related to an absolute 
or world coordinate frame, and the current 
robot view is blurred by the robot’s global 
positional uncertainty prior to composi¬ 
tion with the global map. If we represent 
the blurring operation by the symbol §) and 


the composition of maps by the symbol ffi, 
the world-based mapping procedure can be 
expressed as 

global map <— global map ffi (robot 

view <8> global position uncertainty) 

Since the global robot position uncer¬ 
tainty increases with every move, this 
updating procedure has the effect that the 
new views become progressively more 
blurred, adding less and less useful infor¬ 
mation to the global map. Observations 
seen at the beginning of the exploration are 
“sharp,” while recent observations are 
“fuzzy.” From the point of view of the 
inertial observer, the robot eventually 
“dissolves” in a cloud of probabilistic 
smoke. 

For robot-based mapping, we estimate 
the registration uncertainty of the global 
map due to the recent movement of the 
robot, and the global map is blurred by this 
uncertainty prior to composition with the 
current robot view. This mapping proce¬ 
dure can be expressed as 

global map <- (global map ® local 

position uncertainty) ffi robot view 

A consequence of this method is that 
observations performed in the remote past 
become increasingly uncertain, while re¬ 
cent observations have suffered little blur¬ 
ring. From the point of view of the robot, 
the immediate surroundings (which are of 
direct relevance to its current navigational 
tasks) are “sharp.” The robot is leaving, so 
to speak, an expanding probabilistic trail 
of weakening observations (see Figure 15). 

Note, however, that the local spatial 
relationships observed within a robot view 
still hold. To avoid losing this information, 
we use a two-level spatial representation, 
incorporating occupancy grids and ap¬ 
proximate transformations. On one level, 
the individual views are stored attached to 
the nodes of an AT graph (a stochastic 
map' 0 ) that describes the movements of the 
robot. On the second level, a global map is 
maintained that represents the robot’s cur¬ 
rent overall knowledge of the world (see 
Figure 16). This two-level structure pro¬ 
vides an adequate and efficient representa¬ 
tion for various navigation tasks. 

Operations on 
occupancy grids 

We have looked at the application of the 
occupancy grid framework to the mobile 
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Figure 15. Incorporating motion uncertainty into the mapping process. For robot-centered mapping, the global map is 
blurred by the back-propagated robot position uncertainty (shown using the corresponding covariance ellipses) prior to 
composition with the robot view. 
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Figure 16. Maintaining a two-level spatial representation. The individual robot 
views are stored attached to the nodes of an AT graph describing the robot mo¬ 
tion and are maintained in conjunction with the global map . 


robot mapping and navigation domain. 
This framework also allows us to address a 
number of other robot perception and spa¬ 
tial reasoning problems in a unified way. It 
is important to observe that many opera¬ 
tions performed on occupancy grids for 
various robotic tasks are similar to compu¬ 
tations performed in the image processing 
domain. This is a useful insight, since it 
allows us to take advantage of results from 
this context. Table 1 provides a qualitative 
overview and comparison of some of these 
operations. 


Extending the 
occupancy grid 
framework 

Additional issues explored within the 
occupancy grid framework include the 
recovery of geometric descriptions from 
occupancy grids, 3 the incorporation of 
precompiled maps, 1 and the use of log¬ 
arithmic maps where the resolution drops 
with the distance to the robot. 1 Other pos¬ 
sible applications include the prediction of 
sensor readings from occupancy grids and 
the detection of moving objects over se¬ 
quences of maps. Current work is investi¬ 
gating other domains, such as the use of oc¬ 
cupancy grids for laser scanner mapping, 
precise positioning, and navigation in 
mining applications using the Locomotion 
Emulator; the development of mapping 
and planning strategies that take advantage 
of high-level precompiled maps when 
available; the exploration of strategies for 
landmark recognition and tracking; and 
the recovery of 3D occupancy grids from 
laser rangefinders or stereo depth profiles. 


Table 1. Operations on occupancy grids for various robotic tasks and similar 
operations performed in the image processing domain. 


Occupancy Grids 

Images 

Labeling cells as occupied, empty, or unknown 

Thresholding 

Handling position uncertainty 

Blurring/convolution 

Removing spurious spatial readings 

Low-pass filtering 

Map matching/motion solving 

Multiresolution 

correlation 

Obstacle growing for path planning 

Region growing 

Path planning 

Edge tracking 

Extracting occupied, empty, and unknown areas 

Segmentation/region 

coloring/labeling 

Determining object boundaries 

Edge detection 

Incorporating precompiled maps 

Scan conversion 

Prediction of sensor observations from maps 

Correlation 

Object motion detection over map sequences 

Space-time filtering 


W e have reviewed the occu¬ 
pancy grid framework and 
looked at results from its ap¬ 
plication to mobile robot mapping and 
navigation in unknown and unstructured 
environments. The occupancy grid frame¬ 
work represents a fundamental departure 
from traditional approaches to robot per¬ 
ception and spatial reasoning. It supports 
agile and robust sensor interpretation 
methods, incremental discovery proce¬ 
dures, composition of information from 
multiple sensors and over multiple posi¬ 
tions of the robot, and explicit handling of 
uncertainty. Furthermore, the occupancy 
grid representation can be used directly in 
various robotic planning and problem¬ 
solving activities, thereby precluding the 
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need for the recovery of deterministic geo¬ 
metric models. The results suggest that the 
occupancy grid framework provides an ap¬ 
proach to robot perception and spatial 
reasoning that has the characteristics of 
robustness and generality necessary for 
real-world robotic applications. □ 
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Controlling the Adaptive 
Suspension Vehicle 


Thomas E. Bihari, Thomas M. Walliser, and Mark R. Patterson 
Adaptive Machine Technologies 


A pproximately one-half of the 
earth’s land surface remains un- 
negotiable by wheeled or 
tracked vehicles. An additional portion, 
although negotiable by such “conven¬ 
tional” vehicles, remains inaccessible to 
them because of other considerations. 
For example, vehicles have been banned 
from some sections of the arctic tundra, 
where the damage they cause to the frag¬ 
ile environment can take decades to heal. 
Caribou and other wildlife roam these 
areas freely, however, producing little 
damage. Helicopters effectively replace 
conventional ground vehicles in some 
situations, but their usefulness can be 
limited by weather conditions, ground 
cover (such as forests), or logistic con¬ 
siderations. In difficult terrain and 
weather conditions, legged vehicles 
might offer greater mobility than con¬ 
ventional ground vehicles, and lower 
operating costs and greater safety than 
conventional air vehicles. 

The Adaptive Suspension Vehicle is 
an experimental, six-legged walking 
vehicle developed jointly by the Ohio 
State University and Adaptive Machine 
Technologies. Designed to explore the 
capabilities of legged vehicles, the ASV 
can walk in any direction and turn about 
any axis. It can walk through mud, step 
over ditches, and negotiate vertical 
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An experimental 
legged vehicle helps us 
explore the 
capabilities of 
advanced robotic 
vehicles. An on-board 
multiprocessor 
translates the driver’s 
simple commands into 
complex vehicle 
motions. 


ledges that would stop a conventional 
vehicle. Unlike conventional vehicles, 
which require virtually continuous sup¬ 
porting surfaces, the ASV can traverse 
terrain where footholds are sparse and 
avoid rocks, holes, and other obstacles in 
its path. The vehicle’s suspension can 
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therefore adapt to the terrain, justifying 
its name. (This is the fundamental differ¬ 
ence between the ASV and the cam- 
driven legged vehicles you can purchase 
at toy stores.) 

Legged vehicles have been proposed 
for over a century (see Raibert 1 for an 
excellent history of the subject). In the 
mid-1960s, General Electric built a quad¬ 
ruped “truck” that walked by hydrauli¬ 
cally coupling each of the human opera¬ 
tor’s arms and legs to a corresponding 
leg of the vehicle, in effect multiplying 
the size and strength of the operator’s 
limbs. The GE vehicle was an important 
development for two reasons. First, it 
showed that legged vehicles could per¬ 
form useful work (such as pushing a jeep 
out of the mud). Second, it pointed out 
the need for computer assistance in 
motion planning and servo control (the 
operator tired quickly). 

The GE vehicle was not autonomous. 
The human operator provided all sens¬ 
ing, perception, planning, and control. 
The ASV exhibits what is sometimes 
called local autonomy. The operator 
points the body of the vehicle in a general 
direction, and the vehicle chooses the 
appropriate foot and body placement to 
avoid small obstacles and to safely tra¬ 
verse hills, ditches, and other terrain. 
Current research centers around adding 
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Figure 1. The Adaptive Suspension Vehicle. 


more autonomy to legged vehicles so 
they can be operated in a “horse and 
rider” fashion, 2 where the operator sup¬ 
plies high-level navigation and the ve¬ 
hicle chooses local paths. Legged ve¬ 
hicles are well suited for this type of 
autonomous operation, since the en¬ 
hanced mobility of the vehicles simpli¬ 
fies high-level navigation algorithms. 
For example, in a parallel parking ma¬ 
neuver, a legged vehicle can step directly 
sideways into the space, while a conven¬ 
tional vehicle might require a complex 
sequence of movements. 

The ASV always keeps at least three 
feet on the ground. This maintains static 
stability in contrast to Raibert’s one-, 
two-, and four-legged running ma¬ 
chines,' which exhibit ballistic motion 
(like trotting) where the vehicle is air¬ 
borne or not fully supported. These two 
locomotive philosophies complement 
each other. Static stability is useful for 
climbing and for exerting force on the 
environment (such as when lifting or 
towing a load), while ballistic motion is 
useful for moving at high speed and for 
leaping over obstacles. 

The human operator, seated in the 
ASV’s cockpit, controls the ASV via 
simple joystick commands. The on¬ 
board computer translates the commands 


into complex series of leg movements. 
Novice operators can successfully pilot 
the ASV with only 20 minutes of 
instruction. 

Currently, the ASV walks through 
moderately rough terrain at 3.5 feet per 
second, climbs vertical ledges up to 3 
feet high, tows 2,000-pound sleds, and 
walks up 37-percent slopes. We are en¬ 
hancing the perception and planning 
algorithms to allow the ASV to climb 5- 
foot ledges and walk at 7 feet per second, 
which constitute the mechanical limits 
of the vehicle. 

Control of the ASV requires an on¬ 
board computer and control software that 
perform a variety of functions, including 
sensor data processing, servo-level con¬ 
trol of the hydraulic actuators, terrain 
modeling, and motion planning. This 
article provides an overview of the ASV 
control software. 

Description of the ASV 

The ASV is a self-contained vehicle 
weighing approximately 7,000 pounds 
and measuring approximately 20 feet in 
length, 8 feet in width, and 10 feet in 
height. (See Figure 1.) Many articles 
already published describe the mechani¬ 


cal and electrical characteristics of the 
ASV. 3 ' 5 Power is generated by a 70- 
horsepower internal combustion engine 
and transferred via a 0.5 kW-hour fly¬ 
wheel to the vehicle’s hydraulic actua¬ 
tors. Each of the six legs is driven by 
three actuators, allowing the legs to be 
moved in the fore-aft, up-down, and 
abduction-adduction (swinging toward 
and away from the body) directions. 

The operator’s controls include a 
three-degree-of-freedom, hand-held 
joystick, two thumb joysticks, a key¬ 
board, and a variety of switches. Vehicle 
status information appears on overhead 
graphics and multiwindow text CRTs, 
and on a number of analog meters. A 
video camera mounted on the rear of the 
vehicle acts as a rear-view mirror. We 
are currently upgrading the cockpit to 
include a touch screen. 

Information about the state of the 
vehicle and its environment is provided 
by 105 sensors, including position, ve¬ 
locity, and hydraulic pressure sensors on 
each of the legs and an inertial sensor 
system on the body. A laser terrain scan¬ 
ner, manufactured by the Environmental 
Research Institute of Michigan (ERIM), 
is mounted above the cockpit. (The scan¬ 
ner, optional in some situations, is not 
shown in Figure 1.) The scanner provides 
range information that is translated into 
a terrain map describing the elevation of 
the terrain around the ASV. 

Figure 2 shows a schematic of the 
control computer hardware. The back¬ 
bone of the control computer is a Multi¬ 
bus II backplane. Eight Intel 386/120 
computers (based on 20-Mhz 80386 and 
80387 chips with 1-Mbyte RAM) per¬ 
form the general-purpose processing, 
while the custom-designed Scanner Data 
Processor (SDP) and Force Distribution 
Processor (FDP) perform high-speed 
numerical computation. All sensor in¬ 
puts and actuator commands pass 
through the Analog Acquisition Unit 
(AAU), which maps each sensor and 
actuator signal into the Multibus mem¬ 
ory address space. Any processor can 
therefore access any sensor or actuator. 
We use a Siemens OSM-B35 single¬ 
board 80386 Multibus II-based PC-AT 
running DOS for operator I/O, data log¬ 
ging, and some program development 
and debugging. Interprocessor commu¬ 
nication takes place through shared 
memory on each computer (except the 
PC AT, which communicates with the 
386/120s via Multibus II message pass¬ 
ing). The SDP, FDP, and AAU reside in 
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a Multibus I cardcage, but upgraded 
replacements compatible with Multibus 
II are currently being built. 

Operation of the ASV 

The operator can control the ASV in 
any of several modes. Depending on the 
mode selected, the operator can directly 
control individual legs or control the 
ASV’s body and allow the software to 
control the legs. The choice of mode 
depends on the type of terrain and on 
which mode’s perception and planning 
capabilities best suit the terrain. In some 
situations, the ASV sensors can provide 
enough information to model the impor¬ 
tant characteristics of the terrain and 
available perception and planning algo¬ 
rithms can automatically direct the 
ASV’s motion. In other situations, the 
human operator must provide some sens¬ 
ing, perception, or planning for the ASV. 
Servo control is always provided by the 
ASV software. 

The Precision-Footing mode gives the 
operator direct control over each of the 
legs (one leg at a time) or the body (with 
foot positions fixed). The operator uses 
the joystick to move a chosen leg any¬ 
where within its working volume. Preci¬ 
sion-Footing bypasses much of the high- 
level planning software (that is, the 
operator handles planning). This mode is 
useful for performing maneuvers not 
currently possible with the more auto¬ 
matic modes. Precision-Footing is tedi¬ 
ous, but it gives the operator direct ac¬ 
cess to the complete kinematic capabili¬ 
ties of the ASV. 

Follow-The-Leader mode allows the 
operator to choose the footholds for the 
front legs; the remaining legs automati¬ 
cally follow in the same footholds. The 
operator controls all six degrees of free¬ 
dom of the body with the joystick. Fol¬ 
low-The-Leader is useful for negotiating 
rough terrain (crossing ditches, for ex¬ 
ample) and is a compromise between 
Precision-Footing and the more auto¬ 
matic modes. 

The Close-Maneuvering and Terrain- 
Following modes allow the operator to 
control only body motion, with the legs’ 
motions controlled automatically. The 
operator controls body yaw, fore-aft, and 
sideways motion, while body height, 
pitch, and roll are automatically con¬ 
trolled. 

Close-Maneuvering, the fastest of the 
current ASV operating modes, is used on 


relatively smooth terrain. Close-Maneu¬ 
vering always uses a tripod gait (one in 
which the legs operate as two overlap¬ 
ping tripods, each consisting of the front 
and back legs on one side and the middle 
leg on the opposite side) and assumes 
that all footholds are allowable. 

Terrain-Following is used on terrain 
with small obstacles that the ASV can 
step over. Terrain-Following uses a free 
gait (one in which each leg can be moved 
independently based on the distribution 
of available footholds). Future improve¬ 
ments to Terrain-Following should al¬ 
low the ASV to negotiate complex ter¬ 
rain by stepping over, on, or around 
moderately large obstacles. 

The Obstacle-Crossing mode is used 
for crossing large obstacles (such as 
vertical ledges) up to the physical limits 
of the vehicle. The operator controls all 
six degrees of freedom of the body with 
the joystick. 

ASV software 

The ASV software consists of more 
than 150,000 lines of source code. The 
application software is written in Pascal, 
while the operating system is written in 
PL/M and assembly language. The ASV 
software performs the following main 
duties: 

• Sensing: collecting data from the 
operator controls, leg sensors, iner¬ 
tial sensors, and terrain scanner. 

• Vehicle state determination: form¬ 
ing a consistent description of the 
state of the ASV. 

• Terrain modeling: forming a consis¬ 
tent description of the terrain. 

• Motion planning: generating plans 
for the movement of the body and of 
the individual legs. 

• Servo control: controlling the hy¬ 
draulic actuators. 

Figure 3 shows the overall software 
structure and the major data flows. The 
main inputs to the control program come 
from the operator joystick in the cockpit 
and the other ASV sensors. The plan 
generator creates a plan of leg and body 
states that will carry out the operator’s 
request to the extent possible. 

When a leg is in the air (that is, in 
transfer phase), the leg command gen¬ 
erator for that leg (one of six copies) 
reads the plan and computes the appro¬ 
priate leg paths. These paths are passed 
to the corresponding leg servo (six cop- 



Figure 2. The ASV computer hard¬ 
ware. 


ies), which executes the low-level servo 
loop. When a leg is on the ground (that is, 
in support phase), the body servo reads 
the plan and computes (via the force 
distribution software) the appropriate 
forces to be exerted by each of the sup¬ 
porting legs. These forces are passed to 
the corresponding leg servos. 

System software. The embedded 
multiprocessor is managed by a custom 
real-time multiprocessor operating sys¬ 
tem. 6 The operating system uses 80386 
protected virtual addressing and supports 
a task-mailbox programming methodol¬ 
ogy. Each task is assigned to a processor 
and given a priority and a timeslice at 
system generation time. The highest- 
priority ready tasks on each processor 
share the processor on a round-robin 
basis. Tasks communicate only through 
mailboxes, which contain individually 
protected buffers. The application soft¬ 
ware currently includes about 30 tasks 
and 60 mailboxes. 

Sensing. During normal operation, 
about 69 of the 105 sensors are actively 
monitored. These active sensors include 
the operator joystick; the position, ve¬ 
locity, and hydraulic pressure sensors on 
the legs; and the inertial sensors on the 
body. The active sensors produce a total 
of 5,730 16-bit values per second. 

The laser terrain scanner sweeps an 
area 80 degrees wide, 30 feet ahead of the 
ASV. A terrain elevation map, in earth- 
fixed coordinates, is generated from the 
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Figure 3. The ASV software. 


scanner range data. 7 The scanner gener¬ 
ates 16,384 16-bit range values each 500 
milliseconds, and those values must be 
processed in real time. The processed 
data is stored in the terrain map. 

A special-purpose Scanner Data Proc¬ 
essor (SDP) filters and calibrates the 
range data and transforms it to elevation 
data, stored in the terrain map. The SDP, 
based on the Advanced Micro Devices 
AMD29325 floating-point arithmetic 
logic unit, is programmed in microcode. 
The SDP is roughly 15 times faster than 
a 20-Mhz Intel 80387. The SDP board 
also contains the terrain map in RAM 
tailored for fast access to individual ter¬ 
rain cell data. This memory unambigu¬ 
ously records the terrain information of a 
64-foot by 64-foot region around the 
vehicle, with 6-inch x-y resolution. As 
the ASV moves, the map is constantly 
updated with newly obtained range in¬ 
formation, so the most recently acquired 
terrain information is always available 
in the map. 

Vehicle state determination. Body 
servo control requires accurate determi¬ 
nation of the ASV body state. Two 
sources generate this information. High- 
frequency body state information is de¬ 
termined from inertial sensors on the 
vehicle body. Low-frequency body state 
information is computed from leg-posi¬ 
tion sensor data of the legs supporting 
the vehicle. 

Terrain modeling. We use terrain 
models to estimate terrain elevations for 


leg placement and automated body posi¬ 
tioning. Five different terrain models are 
available: unknown, locally level, pla¬ 
nar, prismatic, and cellular. The terrain 
model chosen depends on the vehicle 
mode and on the active sensors. 

The unknown terrain model assumes 
no terrain information is available. Leg 
placement elevations are assumed to be 
at the bottom extreme of leg travel (pre¬ 
venting precise timing of actual place¬ 
ment). Automated body positioning is 
not possible. This model is used for 
Precision-Footing leg and body move¬ 
ment and for Follow-The-Leader front- 
leg placement. 

The locally level terrain model as¬ 
sumes level terrain in the vicinity of a 
previous leg placement. This model is 
used for middle- and rear-leg placement 
in Follow-The-Leader mode. 

In the planar model, a terrain plane is 
derived via least-squares fit from sensed 
terrain elevations. This model is useful 
for relatively smooth, but not necessarily 
level, terrain. The sensed elevations 
come from one of two sources: terrain 
elevation data produced by the scanner 
data processor, or the most recent sup¬ 
port positions of the six legs. The data 
source depends on whether the laser 
scanner is installed. The planar terrain 
model is used in Close-Maneuvering. 

The prismatic terrain model consists 
of contiguous, nonoverhanging prisms 
with parallel, horizontal axes. It can 
model such features as ditches and verti¬ 
cal ledges. This model is currently used 
for Obstacle-Crossing. 


The cellular terrain model represents 
the terrain as an array of cells. Each cell 
represents a 6-inch square of terrain, is 
tagged as forbidden or usable, and has an 
associated elevation. The cellular terrain 
model is directly supported by the SDP 
terrain map memory and is used for 
Terrain-Following, where the terrain is 
expected to be uneven. 

More complex terrain models would 
be useful for overall body motion plan¬ 
ning as well as for foothold selection. We 
would like the scanner data processor to 
perform feature classification instead of 
providing only an x-y elevation map. 
Additional sensors (such as ultrasonic or 
color vision) would also aid in percep¬ 
tion, allowing the ASV to distinguish, 
for example, a rock that it should step 
over from a clump of grass that it can step 
on. 

Motion planning. Motion planning 
for the ASV uses super-real-time simula¬ 
tion 8 to verify the safety of all planned 
actions before their execution. The plan¬ 
ning is driven by body velocity requests 
from the operator’s joystick. A plan 
consists of plan segments. A plan seg¬ 
ment consists of two portions: a re¬ 
quested body velocity to be used for a 
certain duration into the future, followed 
by a contingency deceleration to zero 
body velocity. The safety deceleration 
portion of a plan segment is overwritten 
by the following plan segment (if added 
soon enough). Since each validated plan 
ends with deceleration to zero velocity, 
the vehicle and its operator will remain 
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safe even if ensuing motion planning 
fails. 

The simulation checks vehicle stabil¬ 
ity at small time increments, as well as 
travel limits for supporting legs. If the 
simulation reveals accelerations that 
would render the vehicle unstable, the 
simulation is repeated with reduced ac¬ 
celerations. If it reveals leg limit viola¬ 
tions, corrective leg movements can be 
inserted to allow progress in the re¬ 
quested direction. Eventually, either the 
simulation succeeds and the resulting 
sequence of body and leg states is ap¬ 
pended to the previous plan, or the simu¬ 
lation fails and the previous plan remains 
in force. 

The motion planning algorithm runs 
continuously, as fast as the computing 
hardware will allow. Generation of a 
complete plan segment takes 100 to 500 
milliseconds, depending on the state of 
the vehicle and the selected operating 
mode. 

Mode-specific planning. Precision- 
Footing relies on the operator for leg and 
body motion planning. It checks all op¬ 
erator input for stability and kinematic 
limit violations, and scales or ignores 
unsafe velocity requests. 

Follow-The-Leader uses a finite-state 
sequencer that operates independently 
on the two sides of the vehicle. The gait 
sequence is 

(1) Lift the rear leg and place it beside 
the middle leg. 

(2) Lift the middle leg and place it 
beside the front leg. 

(3) Lift the front leg and let the opera¬ 
tor place it in a safe foothold. 

(4) Repeat. 

Each lift in the Follow-The-Leader 
gait sequencing is triggered either when 
the next foothold for the eligible leg is 
reachable or when leaving the eligible 
leg on the ground prevents forward body 
movement. Placement of each leg is trig¬ 
gered by a reachable foothold. The foot¬ 
holds used are limited strictly to those 
chosen by the operator during front leg 
placement and the footholds immedi¬ 
ately to one side of them. 

The operator is responsible for body 
positioning during Follow-The-Leader 
maneuvering and can use vehicle body 
movement to assist front leg placement. 

Close-Maneuvering always uses a tri¬ 
pod gait. Leg and body motion planning 
use the planar terrain model. The opera¬ 
tor can set leg lift heights to reflect the 


roughness of the terrain. The motion 
planner automatically adjusts the leg 
transfer times to the minimum times 
possible for the designated lift height. 
Close-Maneuvering automatically lim¬ 
its the body velocity to the maximum 
attainable for the vehicle state, leg lift 
heights, terrain profile, and operator 
velocity request. This allows the ASV to 
move as rapidly as possible, even if it 
cannot attain the operator’s request. 

In Terrain-Following mode, the cellu¬ 
lar terrain model determines the selec¬ 
tion of footholds and body motion. Leg 
lift heights are calculated automatically 
from terrain map information so the legs 
will clear any obstacles along their paths 
to new footholds. The free gait algorithm 
accomplishes the sequencing of legs in 
Terrain-Following. The algorithm calcu¬ 
lates the temporal kinematic margin (the 
time until a leg will reach its kinematic 
limits) for each leg on the ground and 
lifts the leg with the least kinematic 
margin whenever the leg can be lifted 
while leaving the vehicle stable. Lifted 
legs are commanded to move to a nomi¬ 
nal position in readiness for placement. 
When an acceptable foothold is found, a 
command is sent to place the leg. Foot¬ 
holds are chosen as close as possible 
(subject to terrain conditions) to a nomi¬ 
nal position based on the vehicle’s 
velocity. 

Motion planning for Obstacle-Cross¬ 
ing employs the prismatic terrain model 
to provide fully automated leg move¬ 
ment. This mode uses a finite-state se¬ 
quencer to control leg movement, but the 
sequencing differs in several ways from 
that used in Follow-The-Leader: 

• each state implies a set of positions 
for each leg, rather than a single 
position, 

• the next position for each leg is not 
known explicitly, but is chosen to 
satisfy a goal that will help the ve¬ 
hicle progress through the gait se¬ 
quence, and 

• the sequencing for the two sides is 
not independent, since cooperation 
between the two sides is required to 
achieve maximal obstacle-crossing 
ability. 

The states chosen for the gait se¬ 
quencer are designed to use nearly all the 
kinematic capability of the ASV. This 
design reduces the generality of the se¬ 
quencer somewhat, but assures good 
performance for very difficult obstacles. 
For example, one state causes the motion 


planner to use alternating rear leg move¬ 
ments to push the vehicle up over a ledge. 
This type of coordinated movement is 
necessary to take advantage of the full 
kinematic limits of the vehicle, but is 
unlikely to be produced by a generalized 
obstacle-crossing algorithm. 

As in Follow-The-Leader, the opera¬ 
tor is responsible for body positioning in 
Obstacle-Crossing. However, because it 
is difficult for the operator to track leg 
travel limitations and obstacles under or 
behind the vehicle, a velocity synthesis 
algorithm has been added to alter opera¬ 
tor joystick input, if necessary. This 
algorithm simplifies the operator’s task 
by modifying the requested velocities to 
slow the vehicle as it approaches an 
obstacle or as one of the supporting legs 
nears its travel limits. The velocity syn¬ 
thesis resolves conflicting constraints 
while providing maximal body move¬ 
ment in the requested direction. 

Obstacle-Crossing mode, currently 
being tested, should allow the vehicle to 
climb a single step in excess of 5 feet 
high. 

While the current motion-planning 
strategies have worked quite well, more 
autonomous behavior requires higher- 
level strategies for traversing arbitrary 
terrain. Automatic classification of ter¬ 
rain, selection of appropriate substrate¬ 
gies for particular terrain, and graceful 
transition between strategies are being 
studied. 

Foothold selection. Foothold quality 
estimation is currently based only on 
localized slope. For a specified x-y loca¬ 
tion in the terrain map, the algorithm 
computes slopes from the specified cell 
to all its immediate neighbors and to four 
cells in the next nearest region. If the 
computed slope for any pair exceeds a 
specified threshold, the selected cell is 
deemed an unsuitable foothold; other¬ 
wise, it is considered acceptable. This 
foothold evaluation technique has gener¬ 
ally been successful; inappropriately 
chosen footholds have usually resulted 
from inaccuracies in the terrain eleva¬ 
tion map. However, the criteria are quite 
conservative and result in labelling many 
acceptable footholds as unsuitable. 

If more processing power were avail¬ 
able (foothold evaluation is performed 
by the SDP), we would prefer to give 
footholds some sort of acceptability rat¬ 
ing rather than a binary classification. 
The motion planner could then choose 
whether to use a not-entirely-desirable 
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foothold based, perhaps, on the need for 
finding some footholds in a particular 
area of terrain. This approach would then 
require significantly more sophistication 
from the motion planner and might make 
the adoption of a rule-based system 
desirable. 

Servo-level control. ASV servo con¬ 
trol is implemented by a two-level, hier¬ 
archical, force-control servo scheme. 
The higher level performs body servoing, 
while the lower level handles leg 
servoing. 

The body servo extracts a commanded 
body state from the vehicle plan gener¬ 
ated by the motion planning software, It 
compares this to the actual body state 
and determines the necessary body force 
and torque adjustments necessary to 
track the commanded state. The result¬ 
ing body forces and torques are then used 
to compute required foot forces (as de¬ 
scribed below) and, subsequently, re¬ 
quired leg actuator pressures for sup¬ 
porting legs. The pressures then serve as 
commands for the leg servos. The body 
servo runs every 25 milliseconds. 

The leg servo controllers accommo¬ 
date several leg control modes to support 
the various leg functions. Legs support¬ 
ing the vehicle body operate in pressure- 
control mode, while legs in the air oper¬ 
ate in position-control mode. A search 
mode provides ground-tracking search 
capabilities for legs expected to make 
the transition from position-control to 
force-control mode during walking. 
Transitions to and from support phase 
use gradual loading and unloading to 
avoid mechanical stress. Each leg servo 
runs every 10 milliseconds. 

Foot-force calculation. The ASV’s 
body servo calculates the forces and 
torques required to produce the desired 
vehicle body accelerations. The resul¬ 
tant forces and torques must be produced 
by forces at the vehicle’s feet. Since each 
foot can produce three independent force 
components, and since there are always 
at least three feet on the ground, the 
determination of the six resultant forces 
and torques is an underdetermined prob¬ 
lem. The foot-force distribution algo¬ 
rithm selects one of the infinite number 
of distributions of foot forces that will 
produce the desired resultant forces. 

The algorithm is based on the general¬ 
ized inverse approach, 9 which results in 
foot forces that satisfy a minimum-sum- 
of-squares condition (equivalent to nul¬ 


lifying opposing foot forces). To speed 
up the algorithm, it is divided into two 
portions, one that calculates the horizon¬ 
tal foot-force components required to 
produce the desired vehicle horizontal 
forces and yaw torque, and a second that 
then calculates the vertical foot forces 
required to produce the vehicle vertical 
force and pitch and roll torques. 

The vehicle has limitations on physi¬ 
cally attainable foot forces. When the 
force distribution program produces a 
foot force outside the allowable limits, 
that force is set to its limit and the other 
foot forces are recalculated accordingly. 
If enough foot forces are pushed to their 
limits to make attainment of the desired 
vehicle forces impossible, the general¬ 
ized inverse approach is used to calculate 
the foot forces that will produce the re¬ 
sultant forces closest (in the least- 
square-error sense) to the desired forces. 

The calculation of foot forces is per¬ 
formed on a Force Distribution Proces¬ 
sor (FDP) designed specifically for this 
problem. The FDP is similar to the SDP, 
minus the terrain map memory. Although 
this approach to the foot-force calcula¬ 
tions has proven satisfactory, in certain 
configurations it is possible for no fea¬ 
sible set of foot forces to be found, 
though one exists. However, we have not 
found this situation to occur in practice. 
If sufficient computer power were avail¬ 
able, a more general algorithm (such as 
linear programming) could be imple¬ 
mented. 


T he ASV software is a working 
example of a large-scale robotic 
system, performing sensor data 
processing, terrain modeling, low-level 
servo control, high-level motion plan¬ 
ning, interleg coordination, and operator 
input/output. 

The ASV has shown that self-con¬ 
tained, adaptive, legged vehicles are 
possible, and has provided a useful 
testbed for exposing and ironing out 
many of the technological bottlenecks 
associated with legged locomotion. The 
niches that legged locomotion will fill 
are not yet fully determined. Applica¬ 
tions in forestry and natural resource 
exploration in difficult terrain are being 
evaluated. While many interesting re¬ 
search problems still exist, legged loco¬ 
motion technology is approaching the 
point where legged vehicles can compete 
favorably with conventional vehicles in 
difficult terrain. □ 
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To: Researchers 
and 

Developers 
Subject: Short Quiz 

How do you make your newly 
developed neural network part 
of your product? 

□ 1) Develop a network with a 
neural network simulator and 
write your own code to interpret 
and execute the results. 

□ 2) Start from scratch using a 
“Neural Network Language” and 
write your own development en¬ 
vironment. 

□ 3) Roll your own network and 
development environment from 
scratch. 

□ 4) None of the above! 

The answer is “4” - none of the 
above. NeuralWorks Professional 
II in conjunction with Designer 
Pack makes all other methods of 
neural development obsolete. The 
development environment 
(NeuralWorks Professional II) is 
seamlessly integrated with the 
deployment environment 
(NeuralWorks Designer Pack). It 
is easy to move back and forth 
between the two of them. You can 
try out as many networks and 
variations as you want. And when 
you’re ready, you have a “C” pro¬ 
gram with a well-defined inter¬ 
face which will run identically to 
the network you proto-typed! 


NeuralWorks 
Professional II with 

Designer Pack. 

The logical alternative 

Together with NeuralWorks 
Professional II, Designer Pack is 
the most elegant method for de¬ 
signing, testing and deploying 
neural networks. The develop¬ 
ment blends naturally with appli¬ 
cation production. There is no 
need to learn special “Neural Net¬ 
work Programming Languages” 
which may be restricted to one or 
two special hardware systems. 
Build a network in a way that 
makes sense: graphically. Proto¬ 
type your interfaces with User 
I/O. Turn it all into useable appli¬ 
cation code with Designer Pack. 
Nothing wasted. No re-design. No 
re-learning. Simple. Elegant. 
Seamless. 

The sensible approach 
to neural network 
development. 

NeuralWorks Professional II 
and NeuralWorks Designer Pack 
are available on the Sun 3,4,386i, 
N-Cube, Macintosh, PC AT, XT, 
PS2 and compatible machines. 

Call TODAY or write for infor¬ 
mation about NeuralWare’s 
software, seminars, and custom 
engineering services. Ask for 
Jane Klimasauskas, Vice- 
President Sales and Marketing. 


Authorized Distributors: 

Electronic Associates GmbH 
FranzstraBe 107 
D-5100 Aachen 
West Germany 

Telephone: 011-49(241)26041/42 
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England 
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Neural Learning of 
Constrained Nonlinear 
Transformations 

Jacob Barhen, Sandeep Gulati, and Michail Zak 
Jet Propulsion Laboratory, California Institute of Technology 


A utonomous intelligent robots for 
exacting scientific and military 
applications, such as space mis¬ 
sions, nuclear plant maintenance, and 
undersea activities, will require signifi¬ 
cantly enhanced capabilities to achieve 
real-time operational responses. These 
robots, unlike industrial teleoperated and 
reprogrammable robots designed for pre¬ 
cisely controllable and well-defined work¬ 
spaces, must operate in unstructured, 
hazardous surroundings and respond to 
unanticipated situations. Of necessity, 
decisions will be based on information that 
is incomplete, plagued by uncertainty, and 
fraught with competing constraints. 

Despite the tremendous spurt in 
research activity and literature on the sub¬ 
ject, the anthropomorphic capability and 
perceptual mechanisms required of next- 
generation intelligent machines entail a 
level of computational and paradigmatic 
complexity far exceeding that of existing 
modeling strategies. Biological systems, 
however, handle such ill-structured prob¬ 
lems as vision and sensorimotor coordina¬ 
tion with remarkable ease and flexibility. 
They reveal a spontaneous, emergent abil¬ 
ity to adapt their structure and function. 
This provides a strong impetus for turning 
to biologically inspired paradigms — that 
is, artificial neural networks — as an alter¬ 
native to existing notions on applicative 
and symbolic computing. 



A new theoretical 
framework for 
computational 
learning uses artificial 
neural networks with 
terminal attractor 
dynamics. It is being 
applied to analyzing 
inverse kinematics of 
redundant 
manipulators. 


Learning. Artificial neural networks are 
massively parallel, adaptive, dynamical 
systems modeled on the general features of 
biological networks. They interact with the 
objects of the real world and its statistical 
characteristics in much the same way liv¬ 
ing beings do. 

Collectively, neurons with simple 
properties, interacting according to rela¬ 
tively simple rules, can accomplish com¬ 
plex functions such as generalization, error 


correction, information reconstruction, 
pattern analysis, and learning. However, 
their paradigmatic strength for potential 
applications, which require solving intrac¬ 
table computational problems or adaptive 
modeling, arises from their ability to 
achieve functional synthesis, and thereby 
learn topological mappings' and abstract 
spatial, functional, or temporal invari¬ 
ances of these mappings. Thus, relation¬ 
ships among multiple continuous-valued 
inputs and outputs can be established, 
based on presentation of many represen¬ 
tative examples. 

Once the underlying invariances have 
been learned and encoded in the topology 
and strengths of the synaptic interconnec¬ 
tions, the neural network can generalize to 
solve arbitrary problem instances. In addi¬ 
tion, the operational versions of these 
trained networks can be dynamically 
“regularized” at runtime to satisfy one or 
more task-specific constraints without 
explicit retraining 2 or reprogramming. 
Since the topological mappings for 
problem-solving are acquired from real- 
world examples, network functionality is 
not limited by assumptions regarding 
parametric or environmental uncertainty. 
Thus, neural networks provide an attrac¬ 
tive, alternate algorithmic basis for solv¬ 
ing problems — fundamental to the design 
of autonomous intelligent robots — that 
are beyond the existing technology. 
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Redundancy. Integral to the realization 
of any application envisioned for intelli¬ 
gent robots is the ability to dexterously and 
adaptively manipulate objects in a nonsta¬ 
tionary task workspace. Redundancy in 
the design of robot manipulators has been 
suggested as one means to enhance their 
dexterity and adaptability. 

In other engineering contexts, redun¬ 
dancy implies a duplication of elements to 
ensure continued operation in the event of 
failure of one or more subsystems. In 
robotics, redundancy is determined rela¬ 
tive to the task 3 ; it refers to a manipulator 
with more than the minimum number of 
degrees of freedom necessary to accom¬ 
plish general tasks. 

The major objective motivating intro¬ 
duction of redundancy in robot design and 
control is to use the additional degrees of 
freedom to improve performance in com¬ 
plex and unstructured environments. It 
helps overcome kinematic, mechanical, 
and other design limitations of nonredun- 
dant manipulators. Also, the extra degrees 
of freedom can be used during real-time 
manipulator operation to achieve end- 
effector trajectory control while satisfying 
additional constraints. 

There are two primary problems in 
developing manipulator control strategies 
that take advantage of redundancy: 

(1) Given the initial and final end- 
effector task coordinates, simultaneously 
generate in real time a Cartesian-space 
trajectory that enables the robot to achieve 
a goal (the path planning problem ) and a 
set of joint-space configurations that cause 
the end-effector to follow the desired 
trajectory (the inverse kinematics prob¬ 
lem), while satisfying additional con¬ 
straints such as obstacle avoidance, 
servomotor torque minimization, sin¬ 
gularity avoidance, and joint limit avoid¬ 
ance. Developing algorithms to use the 
additional degrees of freedom to satisfy 
constraints is known as the redundancy 
resolution problem . 3 5 

(2) Provide adaptive mechanisms for 
responding to unforeseen changes in the 
workspace or the manipulator geometry. 
Currently, no analytical formulation satis¬ 
factorily addresses the problem in its total¬ 
ity to enable real-time computation. 

In this article, we examine two issues — 
rudimentary learning capability and dex¬ 
terous manipulation — that are fun¬ 
damental to developing autonomous 
intelligent robots. In particular, we intro¬ 
duce a powerful neural learning formalism 
for addressing a large class of nonlinear 
mapping problems, including redundant 


For redundant 
manipulators, the 
inverse kinematic 
equation has an 
infinity of solutions. 


manipulator inverse kinematics, com¬ 
monly encountered during the design of 
real-time adaptive control mechanisms. 


Manipulator inverse 
kinematics 

A forward kinematics operator 0 is 
defined as a nonlinear differentiable func¬ 
tion that uniquely relates a set of Nq joint 
variables, q, to a set of N x task-space 
coordinates, x — that is, x = <t>(<7). The 
forward kinematics for serial-chain 
manipulators is easily derived. The more 
difficult problem, which is of primary 
practical interest in robot manipulation, is 
the inverse transformation, 

q = $ _1 (x) (1) 

In other words, determine one or more 
joint-configuration sets that take the end- 
effector into a desired task position and 
orientation in the operational workspace. 
While the inverse kinematic function is 
highly nonlinear, closed-form analytical 
solutions can be found for a number of 
nonredundant manipulators with special 
architectures. Complete positioning capa¬ 
bility in Cartesian space nominally uses 
only six degrees of freedom. However, 
most manipulators have degenerate con¬ 
figurations, or kinematic singularities, 
near which a small displacement of the 
end-effector requires physically unrealiz¬ 
able joint speeds. These singularities effec¬ 
tively lead to a loss of usable workspace 
and capability, and there is a strong incen¬ 
tive to design redundant robots with addi¬ 
tional degrees of freedom to overcome this 
and other problems. 3 

Traditional Jacobian-based strategies. 

Incorporating redundancy injects addi¬ 
tional complexity into the inverse 
kinematics problem. For redundant 
manipulators, the inverse kinematic equa¬ 


tion (1) has an infinity of solutions, which 
can be mapped into a finite set of 
manifolds. 3 Because of this infinity of 
solutions, many redundant manipulator 
investigators have focused on instantane¬ 
ous or differential kinematics: 

£ = J(g) q (2) 

in which the instantaneous end-effector 
velocity is related to the instantaneous 
joint velocities by the manipulator Jaco¬ 
bian matrix. For redundant robots, the 
manipulator Jacobian is not uniquely 
invertible, and pseudoinverse techniques 
(reviewed in Burdick 3 and Craig 4 ) can be 
used to select a solution from the infinity 
of possible solutions in the null space of 
J(q). However, pseudoinverse resolution 
techniques are generally not cyclic. That is, 
these techniques do not generate closed 
joint-space trajectories corresponding to 
closed end-effector trajectories, thereby 
posing a serious limitation for practical 
implementations. 

In the absence of closed-form solutions, 
off-line iterative approximation tech¬ 
niques based on “local methods” have 
been used to solve the inverse transforma¬ 
tion problem. In this context, Goldenberg 
et al. 6 proposed an augmented task 
method using a modified Newton- 
Raphson method to simultaneously obtain 
all joint variables. The latter technique, 
however, may suffer from algorithmic sin¬ 
gularities and is computationally prohibi¬ 
tive for manipulators with many degrees 
of freedom. 

In a significantly different approach, 
Burdick 3 conducts a topological and geo¬ 
metrical analysis of the kinematics of 
redundant manipulators. Formulating 
inverse kinematics as a global manifold¬ 
mapping problem, he uses the singularities 
of the forward kinematics to partition the 
configuration-space manifold into disjoint 
regions. The topological characteristics of 
these regions and their forward mapping 
are then used to rigorously analyze 
kinematic properties, such as the nature 
and number of singularities that must be 
encountered along an arbitrary cyclic path 
and bounds on the number of inverse 
kinematic solutions. Currently, formal 
procedures are being developed for trans¬ 
lating this qualitative insight into quantita¬ 
tive algorithms that could aid the design 
and control of redundant manipulators. 

Existing neuromorphic approaches. In 

contrast, neuromorphic approaches to the 
inverse kinematics problem entail systems 
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composed of many simple processors 
(neurons), fully or sparsely intercon¬ 
nected, whose function is determined by 
the topology and strength of the intercon¬ 
nections. The synaptic elements of such 
neural systems must capture the 
kinematics transformations, defined by 
Equation 1, using a priori-generated exam¬ 
ples enabling subsequent generalization to 
other points in the workspace. Thus, the 
inverse-mapping equations do not need to 
be explicitly programmed or derived. Once 
they have been learned, the network’s 
inherent self-organizing abilities let it 
adapt with little effort to changes in the 
operational environment (e.g., planning 
joint trajectories in the presence of obsta¬ 
cles) or to unforseen changes in the 
manipulator’s mechanical structure. 

Within a neuromorphic framework, the 
solution of the inverse kinematics problem 
has two phases: a training phase and an 
operational phase. The training phase 
involves encoding the inverse mapping in 
the network’s synaptic weight space, 
through repeated presentations of a finite 
set of training samples characterizing the 
relationship between Cartesian-space end- 
effector coordinates and the correspond¬ 
ing joint angles. 

Once the network has acquired the non¬ 
linear mapping embedded within the train¬ 
ing set, it can rapidly recall or generalize 
the joint configuration corresponding to 
any arbitrary orientation within its train¬ 
ing workspace. This eliminates the inten¬ 
sive computational overheads that plague 
existing iterative techniques. For practical 
purposes, once the training cycle is com¬ 
plete, the solution time is only weakly 
dependent on the number of degrees of 
freedom of the manipulator. 

Training. Guez et al. 7 and Tawel et al. 8 
have applied the generic neuromorphic 
paradigm to the inverse kinematics of pla¬ 
nar nonredundant and redundant manipu¬ 
lators. Specifically, they train a 
multilayered feed-forward neural network 
using the backward error-propagation 
algorithm. 9 Their training procedure is 
based on the following principle: When 
presentation of an input/output pair 
produces a wrong output, the learning 
update rule simply changes each weight in 
the direction that decreases error size as 
rapidly as possible. The components of 
this steepest-descent direction in weight 
space are evaluated using the chain rule to 
compute the partial derivatives of an error 
function with respect to each weight. 
Implementing this weight change recur- 


Critical issues include 
computational 
complexity and 
handling event-driven 
constraints. 


sively propagates an error signal backward 
through the network, changing weights 
that had a large effect on the output more 
than those that did not. This process is 
repeated until the residual error between 
network output and target output, over all 
patterns, falls below an acceptable toler¬ 
ance (for additional details on the back- 
propagation algorithm, refer to Rumel- 
hart and McClelland 9 ). Pineda 10 has pro¬ 
posed an alternate approach to learning a 
continuous nonlinear transformation. It 
extends the back-propagation algorithm to 
recurrent neural networks with emphasis 
on implementations in analog hardware. 

Limitations. Despite their conceptual 
simplicity, a number of nontrivial issues, 
from the perspective of both kinematics 
and computational cost, have limited the 
efficacy of neuromorphic approaches to 
solving inverse kinematics for redundant 
manipulators. The major limitations, as 
discerned from existing implementations, 
include an unacceptably large number of 
training iterations, even when generalizing 
over small workspace manifolds. Also, the 
interpolated angular coordinates often 
have relatively poor precision compared to 
their algebraic or conventional iterative 
counterparts. Recently, however, Josin 1 
proposed a cascaded neural network 
model that generates joint-angles with sig¬ 
nificantly enhanced precision. Tawel, 8 on 
the other hand, is successfully addressing 
issues related to limited resolution in actual 
neural VLSI hardware. 

Other critical issues that remain and 
must be addressed include computational 
complexity and handling of event-driven 
constraints. Specifically, the back- 
propagation algorithm fails to efficiently 
scale up to configurations with many 
degrees of freedom. For example, manipu¬ 
lators with seven or more degrees of free¬ 
dom could not be satisfactorily trained 
using the standard back-propagation algo¬ 
rithm even after several hundred thousand 


iterations. 2 Furthermore, the back- 
propagation algorithm does not have an 
intrinsic mechanism that can simultane¬ 
ously exploit redundancy to increase the 
task workspace (design constraints) and 
satisfy additional requirements inherent to 
operations in an unstructured environ¬ 
ment (such as obstacle avoidance in real 
time). Since the latter flexibility is essen¬ 
tial to the purpose of redundant manipu¬ 
lators, there is a strong incentive to develop 
an alternate adaptive neural network 
architecture that can efficiently address the 
inverse kinematics problem during 
manipulator control. 

Proposed methodology. In this context, 
we present a self-organizing neural formal¬ 
ism that attempts an efficient, accurate 
solution to the inverse kinematics problem 
and addresses some of the above concerns. 
The proposed methodology extends our 
earlier work," which introduced 
topographically partitioned but fully con¬ 
nected networks to acquire the kinematics 
mapping. 

Central to our approach is the concept 
of encoding training samples as static 
“terminal-attractors” of the network. The 
rapid network convergence resulting from 
the “infinite” local stability of such attrac¬ 
tors provides the basis for developing real¬ 
time neural learning algorithms for 
manipulator control in unstructured envi¬ 
ronments. 

Our earlier effort coupled the mapping 
encoding and the resolution of kinematic 
redundancy in an objective function from 
which the learning equations were derived. 
Here, we argue a radically different 
approach, wherein redundancy resolution 
is carried out at the operational stage. 
Training now essentially aims at capturing 
the invariant properties of the nonlinear 
kinematic mapping by minimizing the net¬ 
work’s “strength” energy, a regulator of 
the interconnection topology and synap¬ 
tic strengths. 

Specifically, this article provides a new 
theoretical framework for learning by arti¬ 
ficial neural networks. Practical applica¬ 
tions are discussed elsewhere. 2 ' 11 


Neurodynamics model 

Training network specification. Con¬ 
sider a densely connected neural net¬ 
work with Ngraded-response neurons. To 
implement a nonlinear functional map¬ 
ping from the Nx-dimensional end- 
effector Cartesian space to the N Q - 
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dimensional joint space of the redundant 
manipulator, the network is topographi¬ 
cally partitioned into three mutually exclu¬ 
sive regions. As shown in Figure 1, the 
partition refers to a set of input neurons 
S x that receives the end-effector task 
coordinates, an output set S Q that pro¬ 
vides the angular coordinates required to 
achieve the desired end-effector motion, 
and a set of “hidden” neurons S H that 
encode the representation of the input to 
output mapping. The network is presented 
with K randomly sampled training vector- 
pairs of Cartesian- and joint-space coor¬ 
dinates, obtained by solving the well-posed 
forward kinematics (see Paul 12 ). 

We formalize the neural network as an 
adaptive, dynamical system whose tem¬ 
poral evolution is represented by the fol¬ 
lowing coupled differential equations 

U n + KU n = ^2 T nm + k In 

m (3) 

where u„ represents the mean soma poten¬ 
tial of the n th neuron and T nm denotes the 
synaptic coupling from the rath to the nth 
neuron. The constant x characterizes the 
decay of neuron activity. The sigmoidal 
function cp y (-) modulates the neural 
response, with gain given by y; typically, 
c p r (z) = tanh(yz). Without loss of gener¬ 
ality, y will be set to unity in the sequel. The 
“source” term k /„ encodes component- 
contribution by the attractors of the £th 
training sample via the expression 

k I n = [a k - <p(u n ) ]0 (4) 

if n €E S x U S Q and zero if n & S H . The 
specific attractor coordinates are given by 

a k = x k if n e S x 

a n = if n 6 Sq 


for {x k , q k \k = 1. K } taken from 

a training set scaled to the range [ - 1, + 1]. 
In the subsequent derivation it is shown 
that, for /} = (2/ + 1) 1 and i a strictly 
positive integer, such attractors have 
infinite local stability and provide oppor¬ 
tunity for learning in real time. 

The neural network specified above 
constitutes a dissipative nonlinear dynam¬ 
ical system, the flow of which generally 
converges to a manifold of lower dimen¬ 
sionality in the phase space. Such 
neuromorphic systems can store memory 
states or patterns in terms of fixed points 
of the network dynamics, such that initial 



Figure 1. Topographically partitioned but densely connected neural network model. 


configurations of neurons in some neigh¬ 
borhood or basin of attraction of that 
memory state will be attracted to it. Of cru¬ 
cial importance is knowing how stable 
these attractors are and, starting from an 
arbitrary network configuration, how fast 
they can be reached. In this vein, we review 
below a novel concept in dynamical sys¬ 
tems theory, the notion of terminal attrac¬ 
tors, and its properties that let us formalize 
an efficient neural algorithm for learning 
in general and for inverse kinematics map¬ 
ping in particular. 

Terminal attractors. The static attrac¬ 
tors considered so far in nonlinear, dy¬ 
namical system formulations in general, 
and in neural network models in particu¬ 
lar, have represented regular solutions to 
the differential equations of motion. Such 
solutions can never intersect the transients, 
as shown in Figure 2a. Theoretically, the 
relaxation time of the system to these 
“regular attractors” can be infinite, and 
they suffer from convergence to spurious 
states and local minima. The concept of 
terminal attractors in neural networks was 
introduced by Zak 13 to obviate some of 
the above limitations, thereby significantly 


improving the performance characteristics 
of associative-memory neural-network 
models. 

The existence of terminal attractors was 
established by the following argument. At 
equilibrium, the fixed points of an N- 
dimensional, dissipative dynamical system 

Un - /n(« 1, «2. » •» ) = 0 

(5) 

for n = 1, 2, .... N, are defined as its 
constant solutions If the real parts 

of the eigenvalues p 4 of the Jacobian 
matrix M nm = [ dfj d u,„] at a fixed point 
are all negative, that is, Re{p t } < 0, then 
these points are locally asymptotically sta¬ 
ble. Such points are called static attractors, 
since each motion along the phase curve 
that gets close enough to «(<»), that is, 
enters a so-called basin of attraction, 
approaches the corresponding constant 
value as a limit when t tends to infinity. An 
equilibrium point represents a repeller if at 
least one of the eigenvalues of the matrix 
M has a positive real part. Usually, non¬ 
linear neural networks deal only with sys¬ 
tems that satisfy the Lipschitz condition, 
that is, \df n /du m \ < °°. This condition 
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Figure 2. (a) Asymptotic relaxation of regular attractors; (b) terminal attractor as a singular solution of the dynamical system 
given by Equations 5-8. 


guarantees the existence of a unique solu¬ 
tion for each initial phase space configu¬ 
ration. That is why a transient solution 
cannot intersect the corresponding con¬ 
stant solution to which it tends, and there¬ 
fore, the theoretical time of approaching 
the attractors is always infinite. Figure 2a 
shows the temporal evolution of such an 
attractor. 

In contrast, the notion of terminal 
attractor is based on violation of the Lip- 
schitz condition. As a result of this viola¬ 
tion, a fixed point becomes a singular 
solution enveloping the family of regular 
solutions, while each regular solution 
approaches the terminal attractor in finite 
time, as displayed in Figure 2b. To for¬ 
mally exhibit a terminal attractor, consider 
the following simple one-dimensional 
example: 


u = —u 1 / 3 (6) 

This equation has an equilibrium point u 
= 0 at which the Lipschitz condition is vio¬ 
lated, since 



du 3 


—♦ -oo at u -» 0 (7) 

Since here Re{p} -*•-<», this point is an 
attractor with “infinite” local stability. As 
a consequence, the dynamical system is 
bestowed with “infinite attraction 
power.” In a neural network devoted to 
mapping encoding, the above phenomena 
imply immediate relaxation to the desired 
attractor coordinates, x„ and q n . 


Returning to the illustrative example, 
the relaxation time of the solution cor¬ 
responding to initial conditions u = u 0 to 
the attractor is finite. It is given by 


r^° du 

= ~ L ** 

3 2/3 


that is, this attractor becomes terminal. It 
represents a singular solution intersected 
by all the attracted transients. So, if one 
considers the more general case, that is u 
= ±u p , p > 0, static terminal attractors 
occur for p = (2/+ l) -1 and / > 1, while 
for p = i all attractors are regular. It has 
also been shown that incorporating termi¬ 
nal attractors in the neural dynamics can 
eliminate spurious states. 13 

This property is critical for provid¬ 
ing accurate generalization during the 
operational phase of our proposed net¬ 
work. It will ensure that interpolations (or 
extrapolations) of joint configurations are 
not based on false attractors, that is, 
attractor coordinates not obtainable by 
forward kinematics mapping. In our neu- 
romorphic framework, terminal attractor 
dynamics then provides a mechanism that 
can implicitly exploit the time-bounded 
terminality of phase trajectories and the 
locally infinite stability, thereby enabling 
an efficient and accurate solution to the 
manipulator inverse kinematics. 


Energy function and network stability. 

Our basic operating assumption for the 
dynamical system defined by Equation 3 


is that at equilibrium, when ii„ -* 0, for n 
= 1, . . . , N, 



The superscript ~ denotes quantities 
evaluated at steady state. This yields the 
fixed point equations 

= E n » 

00 ) 

Note that, in contradistinction to Hopfield 
and others, 10,14,15 k I n (defined in Equation 
4) does not represent a constant external 
input bias to the network. It influences the 
system’s degree of stability and provides 
a dynamically varying input modulation to 
the neuron, thereby enforcing convergence 
to fixed points in finite time, without 
affecting the location of existing static 
attractors. Flowever, for an arbitrary syn¬ 
aptic matrix T, the asymptotic attractor 
contribution k I„ differs from zero. The 
key objective of learning is then to adap¬ 
tively determine the neural network’s 
interconnection topology and the synap¬ 
tic strengths, so that the S x S Q mapping 
will be accurately computed over the train¬ 
ing set, in terms of the specified attractors; 
that is, VA: = 1_ ,K 

k in = 0 V n € Sx u Sq. 

To proceed formally with the develop¬ 
ment of a learning algorithm, we propose 
an approach based on the minimization of 
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a constrained, neuromorphic energy-like 
function E( T, A) given by the expression 

nr.*) - 

+ i EE **.*>: 

k " (ID 

where 

fc r„ = k a n - <p( k u n ) (12) 


Nonlinear 
transformations 
are encoded via 
constraints within 
a Lyapunov 
stability framework. 


<P = t-m T„ m d m (again, in our nota¬ 
tion). Such a representation and the result¬ 
ing formalism are inadequate for learning 
nonlinear mapping ( S x -* Sq ) problems 
where |S W | # 0 and “virtual attractors” 
would have to be computed (see Barhen 
and Gulati 11 ). 

We proceed as follows: 




if n £ S x U S Q and zero if n € S H . Typi¬ 
cally, positive values like 4/3 and 2 are 
used for a. The weighting factor a )„ m is 
constructed to favor locality of computa¬ 
tion. The indices n,m span all neurons in 
the network. Lagrange multipliers cor¬ 
responding to the A-nth constraint are 
denoted by *A„. 

The proposed objective function 
includes contributions from two sources. 
First, it enforces convergence of every neu¬ 
ron in S x and Sq to attractors correspond¬ 
ing to the presented end-effector task 
coordinates and joint coordinates, respec¬ 
tively, for every sample pair in the train¬ 
ing set, thereby prompting the network to 
learn the underlying kinematic invari¬ 
ances. Second, it regulates network topol¬ 
ogy by minimizing interconnection 
strengths between the synaptic elements in 
line with Gauss’s least-constraint 
principle. 16 

Additional constraints could be incor¬ 
porated to reflect application-specific 
design considerations. But, contrary to 
traditional approaches, such constraints 
are not treated as a priori mechanisms for 
resolving kinematic redundancy for obsta¬ 
cle avoidance, manipulability, dexterity, 
and so on. In our methodology, the redun¬ 
dancy resolution constraints are incorpo¬ 
rated directly into the trained (operational) 
network. 

Lyapunov stability requires an energy¬ 
like function to be monotonically decreas¬ 
ing in time. The internal dynamical 
parameters of interest in our model are the 
synaptic strengths T„ m of the interconnec¬ 
tion topology and the Lagrange multipliers 
*A„. This implies that 




One can always choose, with t > 0 



where t introduces a time-scale parameter 
for learning. Then, substituting in Equa¬ 
tion 13 and denoting by © tensor contrac¬ 
tion, that is, sum over all relevant indices, 
one obtains 


= Yl SniSm i + 


£r„ m V m —*u m + 


dTij 


which after some algebraic manipulation 
yields 


V\E (B A < tVtE@VtE 

(15) 


The equations of motion for the Lagrange 
multipliers 'A, must now be constructed in 
a way that strictly satisfies Equation 15. 
We propose the following analytical model 
for the evolution of A, 


r K 


W?E ® VtE 
T V x E®S 7 x E + 6 


'[Va£]< 

(16) 


for 0 > 0. It is straightforward to prove 
that this model fulfills the above 
requirements. 


Adaptive learning. We now focus on the 
derivation of an algorithm for computing 
V t E and V A £. An adiabatic framework is 
assumed. On differentiating Equation 11 
with respect to T tJ we get 


dE 

dTij 





k U n 

(17) 


where k cp„ denotes the derivative of the 
neural response. We must compute 
d k u„/dTij from the network fixed- 
point equation (10). This requirement is a 
major departure from previous results for 
associative memory. 13,16 There, the con¬ 
straints (*r„ in our notation) were simply 
the fixed-point equations for the complete 
N-dimensional memory patterns, that is, 


= * fc’L *%) 

1 (19) 

In the above expression, the matrix A is 
defined as 

k A ni = k r)i S ni - T ni k <pi 

( 20 ) 


where 

( 21 ) 

if n £ S*US 0 , and jc if « £ S H . 

To summarize the calculations up to this 
stage, we can write 


dE 

dT^ 


= - EE 

{‘a„ *rr‘ v« 


A computation of the energy gradient 
using Equation 22 would involve a matrix 
inversion. Since direct matrix inversion is 
typically nonlocal, we use a variant of a 
relaxation procedure suggested by 
Pineda. 10 Consider the following change 
of variable 

=£ fc *» fc rr lfc £ n fc [A -1 ]„i 

" (23) 


Multiplying both sides of Equation 23 by 
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k A im and summing over i yields 


{£*ft-‘fc*..} 

i 

= *A m *T %T lk <p m 

(24) 


One can also directly use the explicit form 
of k A im from Equation 20 to obtain 


E k A im k iu = 


Yl kr >"' S ' m fe5 * 

E T <™ k <Pm k Vi 

*lm Vm 


- k <f>m E Tim k ”* 

(25) 


Regrouping Equations 24 and 25 results in 
the fixed-point equation 

fc„ k- _ k~ 
rim V m = <p m 

[E + fc A m ^rr 1 1 

(26) 

To obtain *v,, we permute the dummy 
indices i and m and form the dynamical 
system 

Vi + k r)i Vi = k <pi 

(E 7 - *>m + fcr “ _1 ] 

m (27) 

The equilibrium points *v, (obtained 
when v, -*• 0) are then used in the compu¬ 
tation of Vt■£. Thus, 



- E r(%) 
k (28) 


Finally, by combining Equations 14 and 
28, the neural learning equations can be 
expressed as 

Ta = -t [unfa 

- E*W“y)] 

k 

(29) 


To compute V A £, we return to the defini¬ 
tion of £ to obtain 


Appropriate selection 
of the adaptive time 
scale considerably 
improves convergence 
of the dynamical 
systems. 


dE 
d 'A i 


- ±££*-*.‘ 


Thus, the temporal evolution of the 
Lagrange multipliers is described by the 
equation 

VtE ® V t E f 
' a V x E®V x E+0 * 

(31) 


So far the adaptive time scale for learn¬ 
ing, that is, t in Equation 14, has not been 
specified. Now we will show that, by an 
appropriate selection of this parameter, 
the convergence of the dynamical systems 
(Equations 29 and 31) can be considerably 
improved. We seek t in the form 

t oc | VE \~ p (32) 

where V£ denotes the vector with compo¬ 
nents V?£ and V A £. It is straightforward 
to show that 

±\VE\ = -xIVSl 1 -* 

(33) 


as VE tends to zero, where x is an arbitrary 
positive constant. If we evaluate the relax¬ 
ation time of the energy gradient, we find 
that 

r\*E\-~o d | VE | 

E ~ J\VE\o \VE\ X ~ P 

_ J OO if P < 0 

E { i | VE |$ < oo if p > 0 

(34) 


Thus, for p < 0 the relaxation time is 
infinite, while for |3 > 0 it is finite. The 
dynamical systems (Equations 29 and 31) 


suffer a qualitative change for /? > 0: they 
lose uniqueness of solution. The 
equilibrium point |V£| = 0 becomes a sin¬ 
gular solution being intersected by all the 
transients, and the Lipschitz conditions are 
violated, as one can see from 

d ( d | VE |\ 
d | VE | \ dt ) 

~x\ VE\~* —> -oo 

(35) 

where | V£ | tends to zero, while ft is strictly 
positive. Such infinitely stable points, 
which we defined as terminal attractors, 
were discussed earlier in the text. By anal¬ 
ogy with these previous results, we choose 
P = 2/3, which yields 

<■ = (E £ ivt^iL + 
££‘[v»*£)'* 

(36) 

Finally, inspection of Equation 29, that is, 
T,j « * v, c p( k Uj ), suggests a possible phys¬ 
ical interpretation for the quantities * s v ; . 
They measure the importance for neuron 
i of signals coming from all neurons j to 
which it is connected. Flence, the dynam¬ 
ical system for v, is analogous, in some 
sense, to the adjoint (or importance) equa¬ 
tions used in areas such as neutron trans¬ 
port or nonlinear sensitivity and 
uncertainty analysis. 17 

Operational network. During runtime, 
that is, after the invariant characteristics 
of the nonlinear transformation have been 
captured by the network, the above neu¬ 
rodynamics can be used to compute joint- 
space configurations corresponding to 
arbitrary task-space coordinates. Flow- 
ever, the “operational” version of the neu¬ 
ral network can differ from the “in train¬ 
ing” model in two respects. 

First, network dynamics in the opera¬ 
tional phase no longer includes the 
“source” contribution for neurons in the 
output set Sq. It is assumed that if the sys¬ 
tem has truly acquired the topological 
invariances of the inverse kinematics from 
the presented training samples, then the 
network’s emergent generalization ability 
will always force convergence to the 
appropriate fixed points of the neu¬ 
rodynamics. States of the output neurons 
in Sq can then be examined to extract the 
joint-space configuration computed by the 


June 1989 


73 















network. For inputs that correspond to 
one of the training examples, this implies 
heteroassociative recall. On the other 
hand, presenting inputs that do not cor¬ 
respond to the system’s stored states 
entails burning new fixed points in the net¬ 
work’s phase-space landscape. An analyt¬ 
ical argument validating the neural 
network’s ability to compute a continuum 
of joint-space configurations in response 
to arbitrary Cartesian-space input stimuli 
is included in a separate work. 2 

Second, we attempt to resolve kinematic 
redundancy during runtime by directly 
encoding application-specific as well as 
environmental constraints into the 
dynamics of the operational network. This 
is a significant departure from existing 
models. Essentially, there are three modes 
for handling kinematic, design, and work¬ 
space constraints using neural networks: 

(1 j Generate training samples that con¬ 
form to selected criteria. For example, 
Tawel et al. 8 train their network using 
only samples that yield a manipulator con¬ 
figuration with minimal potential energy. 
This eliminates the need for redundancy , 
resolution, as all joint-configurations 
computed by the network will conform to 
the above kinematic criteria. 

(2) Provide a systematic mechanism for 
incorporating constraint information into 
the neuromorphic objective function, the 
technique used in our earlier work." 

(3) Add constraint information directly 
into the dynamics of the operational net¬ 
work, without disturbing the synaptic ele¬ 
ments or the interconnection topology — 
a radically different approach we discuss 
in the sequel. 

The first two approaches skew network 
behavior — the network learns only 
limited aspects of the inverse kinematic 
mapping — and are applicable only in 
structured environments. A manipulator 
trained in such a specific manner would 
require retraining for each additional con¬ 
straint in an unstructured environment, 
which would severely limit real-time per¬ 
formance. 

In our present approach, the network 
would initially learn all inverse kinematics 
solution manifolds, and runtime mechan¬ 
isms would then select specific poses that 
satisfy problem constraints. The network 
dynamics in the operational mode takes 
the following form: 

u n + ™ n = Y, W ™ «’W + / » 

+ E r A„ [ v affr (p r ,u) ]„ 

(37) 


where W nm denotes the learned intercon¬ 
nection matrix, and the “working” input 
source I„ x is now defined as, 

m = k - *>Mr 1/3 

(38) 

if n € S x and 0 if n G S„US Q . The con¬ 
straints g,( •) relate to application-specific 
considerations, for example, obstacle 
avoidance, singularity avoidance, and 
manipulability. The arguments g r denote 
constraint-specific renormalization 
parameters, constructed so that the gra¬ 
dient contribution to the dynamics van¬ 
ishes whenever neuronal activities satisfy 
the actual constraint. For example, if our 
only requirement were to maximize the 
joints’ configurational entropy (an aca¬ 
demic but conceptually simple constraint), 
then the last term of Equation 37 would 
reduce to A[1 + Log e (pw m ) ] 6 mn , where m 
€ Sq, and the renormalization parameter 
q would be given by N Q / [el m eSQ u m ]. 
The Lagrange multipliers r X reflect the 
importance of the rth constraint, and x is 
again related to the characteristic decay of 
neuron activity. Additional details on 
deriving analytical expressions for partic¬ 
ular constraints and the concomitant 
renormalization parameters are provided 
in a companion work. 2 

Neural learning 
algorithm 

First, we introduce some nomenclature. 
Let /?[-£,+£] represent a uniform 
random-number distribution over the real 
interval [-£,+£], where |e| < 1. Let N T 
denote the maximum number of learning 
iterations, indexed by v. The integration 
time step is denoted by A. The learning rate 
being proportional to the outer product of 
the vectors *v and <p(*i/), a two- 
dimensional array I is defined for collect¬ 
ing the contributions of each training sam¬ 
ple during a particular iteration. The 
complete neural learning algorithm is sum¬ 
marized in Figure 3. 

Note that, for notational simplicity, the 
formulas for steps 8 and 9 in Figure 3 are 
based on the Euler approximation; in 
practice, much more sophisticated, 
implicit integration techniques must 
always be used. In addition, since discrete 
approximation of a continuous dynamical 
system subsumes absence of singularities, 
extreme caution must be exercised when 
implementing the algorithm in a digital 
computing environment. For example, 


overcoming effects induced by interacting 
terminal attractors, or spatial singularities 
induced by fractal boundaries of attrac¬ 
tion, typically requires infinitesimal inte¬ 
gration steps. Simulations validating our 
theoretical framework and illustrating its 
computational efficacy on planar three- 
and spatial seven-degrees-of-freedom 
redundant manipulators are discussed in 
separate articles. 2,11 

T o summarize, we have presented 
a new theoretical framework for 
adaptive learning using neural 
networks. Continuous nonlinear map¬ 
pings and topological transformations, 
such as inverse kinematics of redundant 
robot manipulators, are its main applica¬ 
tion targets. Central to our approach is the 
concept of terminal attractors — a new 
class of mathematical constructs that pro¬ 
vide unique information processing capa¬ 
bilities to the neural system. The rapid 
network convergence resulting from the 
infinite local stability of these attractors 
enables the development of fast neural 
learning algorithms, an essential require¬ 
ment for manipulator control in unstruc¬ 
tured environments. Our methodology 
introduces the concept of topographically 
partitioned, but densely connected, net¬ 
works to facilitate encoding training sam¬ 
ples as terminal attractors. For robotic 
manipulation, the synaptic elements 
rapidly acquire the kinematic invariances 
embedded within the presented examples. 
Subsequently, joint-space configurations, 
required to follow arbitrary task-directed 
end-effector trajectories, can readily be 
computed. In a significant departure from 
prior neuromorphic formulations, we 
decouple redundancy resolution issues 
from learning the inherent properties of 
the inverse kinematic transformation. 
Rather than training with samples 
optimized a priori with respect to a partic¬ 
ular kinematic objective, 8 or encoding 
such considerations as learning goals, we 
suggest an a posteriori regularization 
approach. Hence, initial network training 
uses pairs sampled over one or more solu¬ 
tion manifolds. 3 Then, during runtime, 
the desired constraints are included in the 
dynamics such that network convergence 
ensures constraint satisfaction. Notice that 
this method requires no additional 
training. 

Despite the emphasis on real-time per¬ 
formance, the dexterous nature of appli¬ 
cations planned for intelligent robotic 
systems impose uncompromising demands 
on end-effector trajectory. This requires 
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algorithm S in gularity.tnter action Jearning 

[1] Initialize : V n, m 6 { 1, • • •, N } and V k € { 1, • • •, K) : 

T° m = SR [ —e, +e ] 

fe A° = K [ -e, +e ] 

[2] Learn synaptic matrix T : Iterate v — 1, • • ■, N? 

initialize outer product array : = 0. 

[3] Loop over training samples, k = 1, ■ ■ •, K 
[3.1] Evolve network dynamics using 

ii n + K,u n = T" m <p{u m ) + k I n 




[a* - VpK)] 1 / 3 if » e S X US Q 

0 if n 6 Sff. 


Output: <p( k u”) and k f% 

[3.2] Evolve "importance* dynamics using 

+ k V V n Vn = h <K [ £ «V» + fc A" k Y*- l - v | 




= {*“ + i M-v{ k <)]* k v if 

Output : k v„ 

[3.3] Update outer product contribution 


G Sx U Sq 

e s H 


Km = Km + k < 


[4] Endloop over {fc} 

[5] Compute Vj-j E 

(V T E)nm = Km ~ “»m Km 

[6] Compute V \E 

k {v x EY n = 

[7] Compute r using Eq. (3.4.20) 

[8] Update T 

Km = Km + rA (V T E)X m 

[9] Update A using 


*AX +1 = k K 

[10] Check for convergence: 

If yes then exit else goto [2] 

[11] Endloop over learning iterations {i/} 

[12] Exit : Display results 


Vj-E©VrE 
+ rA V*£© VyE+6 


fc (v^)x 


Figure 3. Summary of the neural learning algorithm based on singularity interaction dynamics. 









very precise intermediate joint angles, cur¬ 
rently achievable only through off-line 
programming techniques. In this context, 
our future research directions include 
developing neural topographic map tech¬ 
niques, enabling the much higher reso¬ 
lution needed to achieve the desired 
precision in interpolated joint angles. □ 


Acknowledgments 

The research described in this paper was per¬ 
formed at the Jet Propulsion Laboratory, 
California Institute of Technology, under con¬ 
tract with the National Aeronautics and Space 
Administration. The authors wish to 
acknowledge fruitful discussions with Joel Bur¬ 
dick, Ken Kreutz, and Fernando Pineda. 


References 

1. G. Josin, “Neural-Space Generalization of 
a Topological Transformation,” Biological 
Cybernetics , Vol. 59, 1988, pp. 283-290. 

2. J. Barhen and S. Gulati, “Theory for Neu¬ 
ral Learning of Nonlinear Mappings,” 
(submitted to Neural Networks, Apr. 1989). 

3. J.W. Burdick IV, “Kinematic Analysis and 
Design of Redundant Robot Manipula¬ 
tors,” PhD thesis. Dept, of Mechanical 
Engineering, Stanford Univ., 1988. 

4. J.J. Craig, Introduction to Robotic 
Mechanisms and Control, Addison-Wesley, 
Reading, Mass., 1986. 

5. T. Yoshikawa, “Analysis and Control of 
Robot Manipulators with Redundancy,” 
Robotics Research: First Int’l Symp., M. 
Brady and R. Paul, eds., MIT Press, Cam¬ 
bridge, Mass., 1984, pp. 735-748. 

6. A. A. Goldenberg, B. Benhabib, and R.G. 
Fenton, “A Complete Generalized Solution 
to the Inverse Kinematics of Robots, ” IEEE 
J. Robotics and Automation, Vol. RA-1, 
No. 1, Mar. 1985, pp. 14-20. 

7. A. Guez, “Solution to the Inverse 
Kinematics Problem in Robotics by Neural 
Networks,” Proc. Second IEEE Int’l Conf. 
on Neural Networks, San Diego, Calif., 
1988, Vol. 2, pp. 617-624. 

8. R. Tawel, S. Eberhardt, and A.P. Thakoor, 
“Neural Networks for Robotic Control,” 
Proc. Conf. Neural Networks for Comput¬ 
ing, Snowbird, Utah, 1988. 

9. D.E. Rumelhart, J.L. McClelland, and the 
PDP Research Group, Parallel Distributed 
Processing, Vol. I, MIT/Bradford Book, 
Cambridge, Mass., 1986. 

10. F.J. Pineda, “Generalization of Back- 
Propagation to Recurrent Neural Net¬ 
works,” Physical Review Letters, Vol. 59, 
No. 19, Nov. 1987, pp. 2,229-2,232. 

11. J. Barhen and S. Gulati, “Self-Organizing 
Neuromorphic Architecture for Manipula¬ 


tor Inverse Kinematics,” NATO-ASI 
Series, Vol. F-44, 1989 (in press). 

12. R.P. Paul, Robot Manipulators: 
Mathematics, Programming, and Control, 
MIT Press, Cambridge, Mass., 1981. 

13. M. Zak, “Terminal Attractors for Address¬ 
able Memory in Neural Networks,” Physics 
Letters A, Vol. 133, 1988, pp. 218-222. 

14. J.J. Hopfield, “Neurons with Graded 
Response Have Collective Computational 
Properties Like Those of Two-State Neu¬ 
rons,” Proc. Nat’l Academy of Sciences, 
Vol. 81, 1984, pp. 3,058-3,092. 

15. A. Lapedes and R. Farber, “ Programming 
a Massively Parallel Computation Univer¬ 
sal System: Static Behavior,” Neural Net¬ 
works for Computing, J.S. Denker, ed., 
American Inst, of Physics, New York, 1986, 
Vol. 151, pp. 283-298. 

16. M. Zak, “The Least Constraint Principle 
for Learning in Neurodynamics,” Physics 
Letters A, 1989, (in press). 

17. J. Barhen etal., “Uncertainty Analysis of 
Time-Dependent Nonlinear Systems,” 
Nucl. Sci. Eng., Vol. 81, 1982, pp. 23-45. 



Jacob Barhen is the supervisor of the Neural 
Computation and Nonlinear Science Group at 
the Jet Propulsion Laboratory, California Insti¬ 
tute of Technology, and an Institute Visiting 
Associate in Engineering and Applied Science 
at Caltech. From 1978 to 1987, he was with the 
Oak Ridge National Laboratory, where he 
headed the Machine Intelligence and Advanced 
Computer Systems Group. 

Barhen has been the principal investigator on 
numerous basic research projects funded by the 
Department of Defense, Department of Energy, 
National Aeronautics and Space Administra¬ 
tion, and other US government agencies. His 
current research interests include neural net¬ 
work theory and applications, nonlinear 
dynamical systems, chaos theory, concurrent 
computation, and robotics. 

The author of over 70 scientific papers, 
Barhen also serves on the editorial board of 
Neural Networks. He received his DSc degree 
from theTechnion-Israel Instituteof Technol¬ 
ogy, Haifa, in 1978. He is a member of ACM, 
IEEE, the Society for Industrial and Applied 
Mathematics, and the International Neural Net¬ 
works Society. 



Sandeep Gulati is a visiting scientist with the 
Neural Computation and Nonlinear Science 
Group at the Jet Propulsion Laboratory. His 
research interests include neural network theory 
and applications, robotics, machine intelli¬ 
gence, and parallel and distributed algorithms. 

Gulati, who is working on his doctoral degree 
at Louisiana State University, received his MS 
degree from LSU in 1988 and his BTech in com¬ 
puter science from the Indian Institute of Tech¬ 
nology, New Delhi, in 1986. He is a student 
member of ACM, the IEEE Computer Society, 
and the International Neural Networks Society. 



Michail Zak has been with the Jet Propulsion 
Laboratory since 1977. Currently a senior 
research staff member of the Neural Computa¬ 
tion and Nonlinear Science Group, his research 
interests include neural networks, nonlinear 
dynamical systems theory, and chaos theory and 
its applications to neural networks. 

Zak is the author of over 100 scientific and 
technical papers and a monograph and is a 
member of the International Neural Networks 
Society. He received his PhD from Leningrad 
University in 1961. 

Address all correspondence to J. Barhen, Jet 
Propulsion Laboratory, MS 198-330,4800 Oak 
Grove Dr., Pasadena, CA 91109. 


76 


COMPUTER 
















¥)urStairwayTb 
Software Heaven. 





The pressure on software devel¬ 
opers to produce has never been greater. 
Yet there they sit, often reinventing 
the wheel, with more computational 
power than ever at their fingertips and 
the clock ticking away. Product delivery 
deadlines? So much pie in the sky. 

The problem? How best to put 
all that PC CPU capacity to good use. 

The solution: the Visible Analyst 
Workbench. 

The Visible Workbench makes 
the full power of CASE accessible to 
everyone. Running as a multi-user tool 
on Novell LANs or on individual PC 
workstations, the Visible Analyst 
Workbench lets teams of software en¬ 
gineers work together — and simul¬ 
taneously — on large scale devel¬ 
opment projects. It makes 
after-the-fact piecing 
together of specifica¬ 
tions a thing of the 
past. And, as our cus¬ 


tomers delight in telling us, it’s so 
easy to learn and use that people 
begin working more productively 
on “day one.” 

The Visible Analyst 
Workbench delivers real devel¬ 
opment power. The power of 
tomated, linked structured analysis 
and design. The power of an 
automated data repository. The 
power of prototyping. The 
power of instantaneous commu- 
ication and shared data between 
project members. The 
power of accurate, 
validated high level 
specifications with 


m-LL/ 


ities. And, because it is a CASE tool, 
its usefulness will seem everlasting. 


Best of all, our step-by- 
step product growth path 
lets you begin building inter¬ 
nal CASE resources at 
down-to-earth prices 
starting under $300. 
The Visible 
Analyst Workbench. 
Start building your stair¬ 
way to software heaven today. 


Down to earth prices 
Professional Series — For large, multi¬ 


full documentation. And, soon, bridges 
to code generation, completing the 
promised CASE link “from pictures 
to code”. 

In fact, the 
Visible Analyst 
Workbench is 
the only PC- 
based CASE tool that 
combines ease of 
use, self-implemen¬ 
tation, cost effec¬ 
tiveness and true 
multi-user capabil¬ 


project systems development: 

3-Node LAN Pak. 

$ 3,500 

per additional node .. 

700 

Stand-alone version .. 

1,785 

with Prototyper . 

2,380 

Personal and Educational Series — 

For small project development 

and 

educational needs. 


Personal Edition. 

695 


Educational and Training 
Version . 295 


Visible Sy stems 

CORPORATION 


The Bay Colony Corporate Center • 950 Winter St. • Waltham, MA 02154 USA 
(617) 890-CASE FAX (617) 890-8909 Telex 261102 VSCUR 

©1989 Visible Systems Corporation Visible, Visible Analyst Workbench, Visible Solution, The Visible Analyst and Visible Systems Corporation are registered Trademarks of Visible Systems Corporation 


Reader Service Number 10 





























A Predictable Real-Time 
Kernel for Distributed 
Multisensor Systems 

Insup Lee, Robert B. King, and Richard P. Paul 
University of Pennsylvania 


I n a real-time system, correctness crit¬ 
ically depends on meeting explicit 
timing constraints. Applications of 
these systems can be found in such diverse 
domains as process control, avionics, 
intelligent robotics, and manufacturing. In 
all these areas, the most important qual¬ 
ity the computer system should possess is 
predictability. 1 That is, it must respond to 
external events within bounded time inter¬ 
vals, thus avoiding potential catastrophe. 
This predictability notion should be fore¬ 
most in the minds of those who design, 
debug, and maintain real-time programs. 

For several reasons, it is difficult to 
develop such a program using currently 
available real-time operating systems. 
First, they typically provide schedulers 
based on priority rather than time. 
Programmers must therefore ensure that 
timing constraints are met by making the 
proper process priority assignments. This 
can prove to be quite a difficult task in a 
complex system and often results in very 
low processor utilization. 2 Furthermore, 
most off-the-shelf operating systems pro¬ 
vide a very limited set of primitives to man¬ 
age time, making it cumbersome to 
implement programs whose correctness 
depends on exact timing. 

The typical kernel interface includes 
primitives used for setting and clearing 
alarms, or for making a process sleep. But, 
since these functions do not explicitly 
affect process scheduling, it is not easy to 
use them for predictable time management 


Complex robotics 
applications include 
many physically 
distributed 
components, like 
manipulator arms and 
sensors. This real-time 
kernel was developed 
to support distributed 
robotics applications 
requiring predictable 
timing behavior. 


in real-time programs. Current operating 
systems also lack services necessary for 
time-bounded communication. For exam¬ 
ple, message transmission scheduling is 
not deadline-driven; instead, it generally 
adheres to first-come, first-served or 
priority-based paradigms. Furthermore, 
the end-to-end communication delay of a 
message cannot be bounded, since process 
scheduling and message delivery are not 
integrated. 


As an example of a distributed real-time 
system, consider a multisensor system con¬ 
sisting of three subsystems: tactile, cam¬ 
era, and fusion. Given a world model, the 
system’s goal is to explore the world and 
update the world model using sensor data. 
To support the sensing, two end effectors, 
one with a tactile sensor and another with 
a camera, are attached to two six-joint 
manipulator arms. The fusion subsystem 
integrates the state information from each 
arm and the data from the two sensors. It 
then updates the world model based on the 
integrated data. Using the world model, 
the camera subsystem chooses the next 
viewpoint. The robot arm then moves to 
the appropriate position so that the cam¬ 
era subsystem can obtain an image from 
that viewpoint. Similarly, the tactile sub¬ 
system uses the world model to choose a 
sensor viewpoint and then moves its arm 
to obtain the desired information. Both 
subsystems send their sensor data and the 
position of their respective arms to the 
fusion subsystem for integration into the 
world model. As we will describe later, this 
system is naturally distributed and must 
meet various timing constraints in order to 
operate. 

This article presents a real-time kernel 
developed to support a distributed mul- 
tisensor system. To ensure predictability, 
our kernel provides services with bounded 
worst-case execution times. In addition, 
the kernel allows the programmer to 
specify timing constraints for process exe- 
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cution and interprocess communication. 
The kernel uses these timing constraints 
both for scheduling processes and for 
scheduling communications. To illustrate 
our kernel, we also describe a multisensor 
system being developed on our distributed 
real-time system. This article also presents 
the measured performance of kernel 
primitives, and contains our conclusions 
and remarks regarding distributed real¬ 
time systems. More technical details can be 
found in Lee, King, and Paul. 3 


System architecture 

The architecture for our distributed 
multisensor system is divided into two 
levels—high and low—to reflect its logical 
structure (Figure 1). 

At the high level, the system consists of 
five Micro VAX II processors connected 
through a 10-megabit Ethernet. Our ker¬ 
nel runs on these processors, which pro¬ 
vide the computation power needed for the 
timely execution of sensing processes. 
These include deciding where to probe 
next, maintaining the world model, and 
determining the path for the robot arm. 

The low level contains a tactile sensor, 
a camera, and a joint controller for each 
manipulator arm. The joint controller 
consists of a supervisor processor and a 
processor for each joint of the manipula¬ 
tor arm. The joint controller is connected 
to a MicroVAX via a parallel interface. 
The joint processors receive the commands 
from the MicroVAX via the supervisor 
processor and use them to control the joint 
motors. The output of each probe of the 
tactile sensor is an analog signal. This sig¬ 
nal is converted to a digital value by the 
analog-to-digital converter board in a 
MicroVAX. The image processor reads 
the camera image into a frame buffer, 
which is accessible to the MicroVAX in a 
memory-mapped fashion. 


Distributed real-time 
kernel 

The goal of our real-time kernel is to 
support a real-time application with pre¬ 
dictable process execution and inter¬ 
process communication. In our system, a 
distributed real-time application encom¬ 
passes a set of communicating processes 
and a set of hardware devices. A process 
represents a logically independent execu¬ 
tion thread of control. Each process has 
an independent address space and consists 



Figure 1. Architecture of the distributed multisensor system. 


of a main body, a set of event handlers, 
and a read-only page of kernel-specific 
data. This read-only page includes the cur¬ 
rent time of day, as well as port IDs for 
various services. 

The kernel provides the system services 
through either system calls or server pro¬ 
cesses. To bound the execution overheads 
of system calls, the number of services they 
provide is kept to a minimum. System calls 
are only used for services that require 
crossing address boundaries or predictably 
fast response. They include memory 
management, process switching, signals, 
timed events, alarms, and interprocess 
communication. Server processes provide 
non-time-critical services such as process 
creation, terminal input/output, and 
device allocation. 

Scheduling and temporal scope. Our 

kernel supports both real-time and non- 
real-time processes. Real-time processes 
are prioritized as imperative, hard real¬ 
time, and soft real-time. Imperative pro¬ 


cesses have the highest priority. At its top 
level, our scheduler is priority-based, in 
that higher priority processes are executed 
before those with lower priority. However, 
each category possesses the best-suited 
scheduling paradigm: imperative pro¬ 
cesses are executed on a first-come, first- 
serve basis, while hard and soft real-time 
processes are executed based on their tim¬ 
ing constraints. 

Hard constraints must be scheduled in 
advance and, if accepted, are guaranteed 
to be met by the system. Soft timing con¬ 
straints are not guaranteed and thus are 
considered less critical than the hard con¬ 
straints. Within a real-time process, 
scheduling the main body and event han¬ 
dlers depends on their timing constraints. 
When no real-time processes are ready, 
non-real-time processes are executed first- 
come, first-serve. 

Every process is initially non-real-time 
and starts executing with its main body. A 
process becomes a real-time process when 
it either specifies a timing constraint or 
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receives a timed event. Specification of a 
timing constraint is based on the notion of 
temporal scope. 4 

Temporal scope is a programming con¬ 
struct that supports a block-structured 
way to associate timing constraints and 
exception handlers with a sequence of 
statements. Each temporal scope includes 
four timing attributes: the start time, 
which is the earliest starting time for the 
code segment; the deadline by which the 
segment must terminate; the segment’s 
maximum execution time; and a hard or 
soft flag, which indicates the nature of the 
above attributes. A periodic temporal 
scope identifies a sequence of statements 
to be executed at a regular interval. When 
a timing constraint is violated, the kernel 
sends a signal to the process. When this 
occurs in a hard real-time process, its pri¬ 
ority is raised to imperative and its excep¬ 
tion handler is executed immediately. 

Communication. Real-time systems are 
asynchronous in nature and require fast 
communication. Predictability is often 
more important than actual communica¬ 
tion speed. 1 Commonly used synchroni¬ 
zation and communication primitives, 
such as signals and messages, have been 
designed without considering guaranteed 
response times. To provide predictably 
fast communication, our kernel supports 
three communication methods: signals, 
timed events, and timed messages. 

The kernel uses signals to notify a pro¬ 
cess that an error has occurred. The pur¬ 


pose of sending such a signal is to give the 
process a chance to clean up its state or to 
perform a controlled system shutdown. 

Timed events are events with timing 
constraints. Events are the most basic way 
to communicate between processes and are 
also used by various kernel components, 
such as asynchronous messages, alarms, 
and devices. Whenever a process receives 
an event, it executes the associated event 
handler. As in Unix signals, once the han¬ 
dler is finished, the previous execution 
flow resumes. In addition to the asyn¬ 
chronous notification of events, timed 
events also support the propagation of 
timing constraints. 

There are two ways to associate a dead¬ 
line with an event. The receiver of an event 
can specify a deadline for executing the 
event handler. Alternatively, the event 
sender can include a deadline when it sends 
the event. If both the sender and receiver 
specify deadlines, the earlier deadline is 
used for the execution of the handler. 
When there are multiple pending events, 
event handlers are executed in the order of 
earlier deadlines. 

The port notion has been widely used 
for interprocess communication since it 
provides an easily usable communication 
abstraction. 5,6 A process sends a message 
to a port and receives a message from a 
port. Our kernel extends ports for real¬ 
time communication by allowing the 
sender to pass timing constraints with mes¬ 
sages and the receiver to control message 
queuing and reception strategies. 



' -► Communication flow ' 


Figure 2. Logical structure of the distributed multisensor system. 


There are two types of ports: reception 
and multicast. A message sent to a recep¬ 
tion port is received by one process, 
whereas a message sent to a multicast port 
is delivered to all reception ports connected 
to the multicast port. Sending a message 
to a port is always nonblocking, and its 
execution time is bounded to ensure a pre¬ 
dictable delay. For time-critical messages, 
the sender can include a timing constraint 
with each message. This timing constraint 
affects the order of message transmissions 
and the execution of the receiver process. 

A process can either receive a message 
explicitly by invoking a receive system call 
on a port or can be notified when the mes¬ 
sage arrives through a timed event 
associated with a port. For each port, the 
receiver can specify the ordering of pend¬ 
ing messages and the size of the message 
queue (as discussed in Schwan et al 7 ). 

Devices. There are two kinds of devices: 
system devices, which are an integral part 
of the kernel; and applications devices, 
which are only pertinent to a particular 
application. System devices, such as clocks 
and network adapters, are managed by the 
kernel and used indirectly by many appli¬ 
cation processes. Each application device 
is directly controlled by a single applica¬ 
tion process. Application devices include 
the analog-to-digital conversion board 
required for the tactile sensor, as well as 
the image-processing board required for 
the camera. 

To control a device, a process requests 
the device from the device server. After the 
request is granted, the device and the pro¬ 
cess can share memory and device 
registers. In addition, a process can request 
the device server to convert device inter¬ 
rupts to timed events. 


Distributed multisensor 
system 

As described earlier, our multisensor 
system has three subsystems: camera, tac¬ 
tile, and fusion. Figure 2 shows the logical 
organization of the system. The camera 
and fusion subsystems are based on the 
active sensing system in Hager, 8 and the 
tactile subsystem is based on the contour 
sensor in Lee, King, and Paul. 3 Each sen¬ 
sor subsystem comprises three basic pro¬ 
cess types: sensor arm, sensor data, and 
sensor control. 

To be correct, the distributed multisen¬ 
sor system must meet various hard timing 
constraints. Each arm’s joint controller 
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requires a sampling period of either 14,28, 
or 56 milliseconds. At the end of every 
sampling period, each arm process must 
receive feedback from the appropriate 
data process to prevent that arm from 
becoming unstable. The camera arm and 
data processes run periodically every 56 
milliseconds, the maximum rate at which 
the camera data can be collected. How¬ 
ever, since the data from the tactile data 
process can be provided at a faster rate; 
and since the tactile system needs faster 
feedback to apply compliance, the tactile 
arm and data processes run every 14 mil¬ 
liseconds. 

Fusion subsystem. The fusion sub¬ 
system is a non-real-time process that inte¬ 
grates sensor data and position 
information into the world model. The 
world model is represented using a para¬ 
metric geometric model that includes a 
notion of modeling error and fitting toler¬ 
ance. To update the world model, the 
fusion process determines the values of the 
unknown model parameters from sensor 
data. Hager developed the fusion algo¬ 
rithm. 8 it uses a finite-element condi¬ 
tional Bayesian analysis to compute an 
estimate of unknown geometric 
parameters. Once the world model is 
updated, it is sent via a tnulticast port to 
the sensor control processes. The fusion 
process continues to update the world 
model until no new information is added 
to it. 

Camera subsystem. The camera control 
process uses the current world model to 
choose a sensor viewpoint and to generate 
the appropriate sensor control informa¬ 
tion. Once the control information is 
generated, the sensor viewpoint is sent to 
the camera arm process, and the sensor 
control information is sent to the camera 
data process. These command messages 
must not be delayed by more than 56 mil¬ 
liseconds, that is, ohe sampling period. 

The camera arm process is a hard real¬ 
time process that consists of three execu¬ 
tion segments: its main body, which initial¬ 
izes the process; a periodic function, which 
moves the robot arm every sampling 
period; and an asynchronousport handler, 
which receives and processes new com¬ 
mands. The most recent feedback infor¬ 
mation from the camera data process is 
received at the start of the period. The 
command used to move the manipulator 
to a particular segment is computed from 
the feedback information and the next des¬ 
tination. This command is sent to the joint 


controller via a parallel link and the posi¬ 
tion information is sent to the fusion pro¬ 
cess. The deadline for this message 
corresponds to the sampling period. The 
asynchronous port handler executes when¬ 
ever a new destination is sent to this 
process. 

The camera data process is also a hard 
real-time process that contains three exe¬ 
cution segments: its main body, which 
initializes the process; a periodic function, 
which collects information from the cam¬ 
era every sampling period; and an asyn¬ 
chronous port handler, which receives and 
processes new commands. During each 
sampling period, the periodic function 
cuts a window from the frame buffer, ana¬ 
lyzes the window according to the methods 
found in Hager, 8 and sends the sensor 
data to the fusion and camera arm pro¬ 
cesses via a multicast port. The deadline 
for this message is the sampling period, 
since this message is used for feedback by 
the camera arm process that must receive 
new information during each sampling 
period. The asynchronous port handler 
executes whenever a new set of window 
parameters is sent to this process. 

Tactile subsystem. The logical execution 
flow for the tactile control, tactile arm, 
and tactile data processes are very similar 
to their camera counterparts. The princi¬ 
ple difference is in the tinting constraints, 
since the sampling period for the tactile 
manipulator is 14 milliseconds instead of 
56 milliseconds. 

Process assignments. The camera arm, 
camera data, tactile arm, and tactile data 
processes are assigned to the MicroVAX 
with the appropriate devices. Each process 
has a hard real-time function that executes 


every sampling period. The limiting factor 
for the sampling periods is the rate at 
which data can be collected from the sen¬ 
sors. Control and arm processes for a par¬ 
ticular sensor share the same MicroVAX, 
while the data process is given its own 
machine to help balance the computa¬ 
tional load. These control processes exe¬ 
cute in the background and require 
approximately 20 to 30 seconds of real exe¬ 
cution time to compute new sensor view¬ 
points. Even though the fusion process 
runs on its own MicroVAX, the rate at 
which sensor data is integrated into the 
world model is several orders of magnitude 
slower than the rate at which the new data 
is received. 


Measured performance 
of kernel primitives 

If the timing constraints of a real-time 
system are to be guaranteed, much of its 
behavior must be known in advance. In 
particular, there must be upper bounds on 
the execution times of system calls and 
interrupt handlers, as well as bounds on 
the frequency of incoming interrupts. In 
our kernel, the scheduler uses this infor¬ 
mation to compute the amount of proces¬ 
sor time available for application 
processes. This processor time is allocated 
to guarantee hard timing constraints, as 
described in Lee, King, and Paul 3 and 
Joseph and Pandya. 9 In this section, we 
present the timing measurements of com¬ 
monly used system calls, interrupt latency, 
process switching, and communication 
overhead. 

Table 1 shows the measured execution 
times of the individual system calls. We 


Table 1. Timing measurements of the kernel. 


Operation 

Time (us) 

Min. 

Max. 

Timing measurement overhead 

4 

11 

Basic system call overhead 

120 

123 

Sending an event 

176 

195 

Receiving an event with empty handler 

325 

362 

Waking up on a waited event 

79 

109 

Device interrupt latency 

514 

525 

Process switching overhead 

240 

240 

Intramachine message send 

913 

957 

Message receive 

353 

734 

End-to-end communication delay 

4,864 

5,406 
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used a hardware clock with microsecond 
resolution to obtain these measurements. 
The times reported are the minimum and 
maximum values observed over 10,000 
individual trials. All the measurements 
other than intermachine communication 
delay and interrupt latency were observed 
on a single MicroVAX with interrupts dis¬ 
abled. For intermachine communication 
delay, we used two MicroVAX processors 
connected by their own Ethernet link. 

The first line in the table shows the over¬ 
head of performing a timing measure¬ 
ment; that is, the time elapsed between 
starting and stopping the clock. All the 
other timing measurements include this 
overhead. The second line is the time it 
takes to execute an empty system call; that 
is, the overhead of changing execution 
modes and checking the number of argu¬ 
ments. This overhead is also included in 
the timing measurements of other system 
calls. 

The next two lines correspond to the 
times required to send and receive an 
event. Here, the receive overhead includes 
the execution time of an empty event han¬ 
dler. The subsequent line shows the times 
to unblock a process that is waiting for an 
event. The sixth and seventh lines show the 
device interrupt latency and process 
switching overhead, respectively. The 
device interrupt latency is the time between 
when a device requests an interrupt and 
when a process initiates the corresponding 
event handler. The process switching over¬ 
head is the estimated time required to per¬ 
form a context switch. The eighth and 
ninth lines show the times required to send 
and receive a message between two pro¬ 
cesses on the same machine. The last line 
is the end-to-end communication delay of 
a one-kilobyte message between applica¬ 
tion processes running on two machines. 

W e have described a distributed 
real-time kernel that supports 
distributed real-time applica¬ 
tions. To ensure predictability, system 
calls are designed to exhibit bounded exe¬ 
cution times, and processes are scheduled 
based on their timing constraints. In addi¬ 
tion, the scheduler guarantees fulfillment 
of hard timing constraints by computing 
the worst-case overhead of device inter¬ 
rupts and by allocating the available 
processor time. Our initial implementation 
has been completed, and the results shown 
in Table 1 are promising. 

We currently use the Ethernet network, 
which is acceptable for our multisensor 


system. However, in an environment with 
a greater frequency of intermachine com¬ 
munication, Ethernet becomes unsuitable 
for real-time communication. Since many 
message transmissions can occur simul¬ 
taneously, it is difficult to predict network 
access delays. Because of this uncertainty, 
distributed real-time systems are being 
built using networks with deterministic 
access control, such as token ring (for 
example, Proteon’s ProNet) or token bus 
(for example, IBM’s System Network 
Architecture and Manufacturing Automa¬ 
tion Protocol). 10 We have added a Pro- 
teon token ring to our distributed system 
and are currently integrating it into our 
kernel to support time-based communica¬ 
tion. Once we complete the implementa¬ 
tion of the distributed multisensor system, 
we will be able to switch between networks 
and compare their operational characteris¬ 
tics in distributed real-time systems. □ 
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Building an Environment 
Model Using Depth 
Information 

Yuval Roth-Tabak and Ramesh Jain 
University of Michigan 


M odeling the environment is 
one of the most critical issues 
in intelligent autonomous 
system development and research. 
Although an autonomous system operates 
in the real world, the reasoning for it is 
based on information in its internal world. 
Hence, the system’s self and intentional 
action (as opposed to supervised or 
accidental action) is inherently constrained 
by the internal models it has—or may 
have—of its environment. When we refer 
to “models a system may have, ’ ’ we mean 
the representation scheme’s power as 
opposed to a particular instance of a model 
that might be partial or incorrect. 

The model such autonomous agents 
use, termed the world model, represents 
relatively fixed information about the 
world in which the system has to work. 
However, at any given time, an autono¬ 
mous agent uses only a small portion of the 
world model, called the environment, in its, 
operation. At a given instant, the environ¬ 
ment model should contain more detailed 
and explicit information than the world 
model. 

Researchers have suggested various 
modeling schemes. 1 ' 4 In this article, we 
concentrate on the environment model’s 
volumetric level, where information about 
free and occupied space is represented 


Modeling the 
environment is 
crucial in autonomous 
robot research. A 
newly introduced 
algorithm uses dense 
range data to generate 
and update a 3D 
environment model. 


explicitly. At this model level, updating 
operations can take place using raw sen¬ 
sory data from range sensors or processed 
data from any stereo or other depth recov¬ 
ery technique. In addition, this type of 
model can be used directly by path plan¬ 
ning and navigation modules as well as for 
object recognition and manipulation 
modules. 


We demonstrate a system that uses the 
sensor-built model mode, where there is 
initially little or no knowledge available 
about the domain, and a model is 
incrementally constructed using the infor¬ 
mation provided by a sensor. This opera¬ 
tion mode will allow us to deal with 
unknown or dynamic environments. 

Walker, Herman, and Kanade 4 recon¬ 
structed three-dimensional scenes from a 
sequence of images where 3D wireframe 
descriptions help to construct surface- 
based models. Potmesil 5 and others con¬ 
structed 3D object models from silhouettes 
obtained from different views. Elfes 6 and 
Moravec 3 constructed a two-dimensional 
map of an environment using sonar read¬ 
ings and a Bayesian probabilistic approach 
to combine information from various sen¬ 
sor positions. Jain, Roth-Tabak, and 
Skifstad 7 used sparse range data provided 
by stereo or other depth recovery tech¬ 
niques and some worst-case assumptions 
to construct a 3D model. All these tech¬ 
niques rely on relatively poor data (exter¬ 
nal boundaries of objects, ultrasonic 
readings, or sparse range data) to con¬ 
struct 2D or 3D maps of environments or 
objects. Hence, they need a relatively large 
number of views to obtain reliable models 
and usually require either probabilistic or 
worst-case analysis. 
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Range sensing technology has come a 
long way in the last few years; faster, more 
accurate, and more reliable systems are 
now available. 8 Due to the nature of the 
information in the range images, this tech¬ 
nology is considered a major source for 3D 
model generation. Unlike the methods 
described above, we consider a dense range 
sensor as the source of rich information 
for our technique. In addition, specialized 
3D voxel-based* architectures under 
development 9 will allow real-time perfor¬ 
mance in a large voxel-based medium. In 
our system, we partition the space into a 
3D matrix of cubic voxels and let the exist¬ 
ing model drive the updating phase. 

We introduce here an algorithm that 
uses dense range data from multiple view¬ 
points in an environment to refine a 3D 
voxel-based volumetric model of that envi¬ 
ronment. Though we discuss only one 
information source, others can be used 
and are being implemented. Our empha¬ 
sis is on information assimilation, where 
various information sources (sensors) are 
independently connected through smart 
interfaces to the environment model. This 
contrasts with the integration paradigm, 
where the information sources interact and 
produce a consensus that is then for¬ 
warded to the model. 

At present, we assume a static environ¬ 
ment, and the work described here follows 
this assumption. However, we intend to be 
able to relax this assumption by compar¬ 
ing information between the expected 
scene and a viewed scene that will allow 
detection of changes and movements in the 
scene as well as correct sensor position esti¬ 
mation. 


The environment/ 
world hierarchy model 

An intelligent autonomous system 
working in an unstructured, dynamic envi¬ 
ronment requires models used for naviga¬ 
tion, planning, object recognition, and 
interaction among different modules. The 
model such an autonomous agent uses is 
usually called the world model. The world 
model includes information about the 
work space, objects, properties of objects, 
relationships among them, events that can 
occur, and any other relevant information. 


* A voxel is the atomic element of a volumetric decom¬ 
position of 3D space (like a pixel for a 2D image). 


We distinguish between the world 
model, which contains relatively fixed 
information, and the environment model, 
which contains more detailed and explicit 
task-oriented information, as well as more 
dynamic information. The world model 
and the environment model should consist 
of hierarchical decompositions on various 
scales, such as a resolution scale and an 
abstraction scale. The resolution scale 
allows detailed (high-resolution) inspec¬ 
tion and reference of parts of the environ¬ 
ment as well as a more general 
(low-resolution) view. The abstraction 
scale, containing sensory data on one side 
and a symbolic representation on the 
other, allows communication in both top- 
down and bottom-up modes. 

The world model and environment 
model have similarities to long-term and 
short-term memories in many systems, 10 
though there are some fundamental differ¬ 
ences. The most important differences are 
the explicit hierarchy along both the reso¬ 
lution and abstraction, the relationships 
among different levels, and the explicit 
attempt to capture locality of information 
in the environment model. The environ¬ 
ment model can be initialized using the 
world model, but it should be updated 
every time new information about the 
environment is acquired. The environment 
model has explicit representation of 3D 
spatial information and should allow rep¬ 
resentation of moving objects and other 
dynamic properties in the environment. 
The environment model should also per¬ 
mit annotations, additions, and temporary 
overlays so unexpected information and 
interesting features can be registered with 
both object and sensory information. 

The world model’s importance has been 
recognized by researchers, although very 
little progress has been made in world 
model formation, maintenance, and use. 
In most cases, the worlds and environ¬ 
ments have been represented using only 
single models, and this has resulted in 
inefficiencies at every level. 

The volumetric environment model. We 

concentrate here on the environment 
model’s lower abstraction levels to demon¬ 
strate the use of sensory data to initiate a 
model. Our model is a 3D volumetric grid 
of cubic voxels. The voxels are assigned 
three possible values: Void, for empty 
voxels (representing an open piece of 
space); Full, for occupied voxels; and 
Unknown, for voxels for which no 
meaningful information has yet been 
obtained. 


Unknown versus uncertain. Other 
researchers, such as Moravec, 3 use a scale 
of certainty values for their grids, and it 
might be claimed that the notion of 
Unknown can be captured by using uncer¬ 
tainties. However, we claim these notions 
are distinct, and each has its own impor¬ 
tance in such models. Our claims are in the 
spirit of the Shafer-Dempster formalism 
where belief functions are introduced to 
represent the “strength of the evidence” 
that specifically favors some proposition. 
This contrasts with the Bayesian approach 
in which a probability unit must be appor¬ 
tioned among the possible propositions. 

Uncertainty provides information 
about the degree of confidence assigned to 
a certain piece of information about a 
voxel. On the other hand, the attribute 
Unknown declares that there is no previ¬ 
ous information available about a voxel. 
This attribute may be the key to a decision 
module searching for the next position for 
the sensor so as to encounter as much 
unexplored terrain as possible. Knowing 
precisely the voxels we have no informa¬ 
tion about may help guide such a decision 
process. Comparing it to the uncertainty 
option, a voxel that has 50 percent Void 
and 50 percent Full uncertainties attached 
to it does not represent the same thing, 
since this would mean prior information 
exists that is highly contradictory. Obvi¬ 
ously, this could point out some dynamic 
aspect of the environment or conflicting or 
erroneous sensor information, and require 
a different treatment. 

It should be further observed that these 
two notions (Unknown and Uncertain) are 
not only distinct, but exist on different rep¬ 
resentation levels. While the Unknown 
coexists with Full and Void as represent¬ 
ing an attribute that may be assigned to a 
voxel, Uncertainty (of any kind) is not an 
attribute assigned to a voxel, but is 
assigned to information about the voxel. 
For example, some uncertainty (or cer¬ 
tainty) values may be assigned to the infor¬ 
mation that a voxel is Full. Theoretically, 
these uncertainties may be even assigned 
to the information that a voxel is 
Unknown. 

However, it should be noted that 
Unknown differs from Full and Void in 
the sense that Full or Void represent phys¬ 
ical descriptive properties of a voxel in 
space, while Unknown represents the rela¬ 
tion between a voxel in space and the 
geometry of the environment and previous 
sensor positions and orientations. 

Unlike Moravec 3 and Elfes, 6 we 
avoided assigning certainty levels to the 
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attributes in our model for the following 
reasons: 

(1) Range data produced by a dense range 
sensor is used, as opposed to ultra¬ 
sonic sensors that usually have a wide 
opening angle and impose some uncer¬ 
tainty on the location of the actual 
obstacles. 

(2) Dense range data is used which, as 
opposed to various stereo and depth 
recovery techniques from grey level 
images, provides range readings for all 
the pixels in the image. Hence, there 
are no spatial gaps of depth infor¬ 
mation. 

(3) The updating technique is model- 
driven, that is, it uses prior knowledge 
to guide the algorithm. This speeds up 
the operation as the model is being 
constructed; working with certainty 
levels would force us to scan the whole 
grid for every updating step. 

(4) This method treats the uncertainties 
globally by using certain thresholds 
that can be altered adaptively and pro¬ 
vides a simple model, free of uncer¬ 
tainties, for use by other modules. 

We do not argue against using uncer¬ 
tainties but merely point out that, for a 
specifically presented engineering task, a 
model without uncertainty may be 
sufficient. 

The successive- 
exploring updating 
method 

The model is initially entirely Unknown. 
The position and orientation of the robot 
with respect to some general frame are 
assumed to be known for each view; how¬ 
ever, some location uncertainty can be 
tolerated. 

The operations performed include var¬ 
ious transformations from a fixed 
Cartesian-coordinate system to a trans¬ 
lated and rotated coordinate system 
representing the sensor coordinate system. 
These transformations are used to deter¬ 
mine the location of a point given in the 
global coordinate system in the sensor 
coordinate and vice versa. Another 
required transformation is between the 
sensor Cartesian coordinate system and a 
sensor spherical coordinate system that 
represents the actual range image of the 
sensor. A global Cartesian coordinate 
frame was defined as x,y, and z, where zx 
is the horizontal plane andy is the vertical 
axis (see Figure 1). 


Figure 1. The orientation angles. 


The sensor’s location is defined as the 
coordinate point (z 0 ,x 0 ,yo) in this global 
coordinate frame. The sensor’s orienta¬ 
tion is specified in a sensor-centered coor¬ 
dinate frame where z' is the viewing 
direction andy' is the vertical axis of the 
sensor’s image plane, x' is defined so as to 
have a right-handed coordinate system. 

The first transformation is between the 
global coordinate frame and the sensor- 
centered Cartesian coordinate frame: 


, =/,(x-x 0 )+w,(y-y„)+/7 l (z-z„) 
y'=lz(x-Xo)+m 2 (y-yo)+n 2 (z-Z' l ) 
z , =l ] (x-Xo)+m > (y-y 0 )+n 3 (z-Zo) 

and the inverse transformation: 

! x—iiX 1 +/*y 1 ~\-l 3 z ’ yxo 
y=m,x , +m 3 y'+m l z '+y 0 
z=n,x'+niy'+n,z'+Zi) 


where /], «?],/?,; l 2 ,m 3 ,ni\ l 3 ,m 3 ,n 3 ; are the 
direction cosines of the x y ', z' axes rela¬ 
tive to the x,y,z axes, respectively, and 
(x 0 , y 0 , Zo) is the linear translation of the 
center of the coordinate system. 

However, it is desirable to specify the 
transformations in terms of the pan, tilt, 
and swing angles (or azimuth, elevation, 
and rotation, respectively), so the trans¬ 
formation can be specified in terms of the 
parameters explicitly available from the 
sensor. 


The following are the direction cosines 
specified in terms of the pan, tilt, and 
swing angles where a = pan,/l = tilt, and 
y = swing: 

/1 = cosacosy - sin a sin/? sin y 
/ 2 = -(cos a sin y + sin a sin/? cosy) 
l } = sin a cos/? 
m { = cos/? sin y 
nti = cos/? cosy 
m 3 = sin/? 

«! = -(sinercosy + cos a sin/? sin y) 
n 2 = sinasiny — cos a sin /? cosy 
n 3 = cos a cos /? 

In addition, the following known trans¬ 
formation between the sensor-centered 
Cartesian coordinate system to a spherical 
coordinate system, in which the sensor is 
actually defined, is used: 

( x'=r sin 0 cos <j> 
y '=r sin 0 sin <J> 
z'=r cos 0 

I r=sT$TWYWT 

0=cos-'(V) 

+= sin ~‘(7&) 

where 0 is the opening angle, and <)> is the 
rotation angle. 

The successive exploring algorithm can 
be described as follows: 
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Figure 2. The robot at its first viewing position in the environ- Figure 3. The range image from the first position, 
ment. 


(1) Only voxels within the scope of the 
sensor are checked. “Within the scope 
of the sensor” includes both the angu¬ 
lar scope (that is, inside the cone in 
front of the sensor) and the distance 
scope (that is, within the maximum 
range of the sensor). 

(2) Only voxels not yet Void are checked 
(this makes the method model driven 
and monotone). 

(3) For each of the voxels actually 
checked, all of the eight vertices are 
checked and compared to the actual 
pixel in the range image that points to 
their positions in space. 

(4) If the maximum distance to any of the 
eight vertices is smaller than the mini¬ 
mum range pointed out by any of the 
range pixels, then that voxel is Void. 

(5) If the range of the vertices’ distances 
intersects with the range of the range 
pixels and the difference between the 
maximum and the minimum range 
pixels is within a certain threshold, 
then a voxel is Full. 

(6) Else it is unchanged. 

This method has a few merits worth 
mentioning. In step 3, the fact that eight 
vertices are being checked has an inherent 
smoothing effect on the result. In most 
cases, not all vertices will fall within the 
same range pixel (this depends on the size 
of the voxels and the resolution of the 


range image, and can be guaranteed by 
controlling the size of the voxels). Hence, 
to a certain extent, noisy images will not 
have a strong impact on the result. In step 
4, a certain threshold margin can be added 
to the above requirement in cases with 
some location uncertainty of known 
extent. This margin represents the worst- 
case error that might result from such a 
location uncertainty. The threshold of step 
5 is introduced to avoid assigning Full 
values to voxels that lie on or near sharp 
range discontinuities. This threshold is not 
critical, since these voxels are not going to 
be assigned a Void value; however, it helps 
define the Unknown regions in space and 
avoids assigning Full values to the wrong 
voxels. Another quality of this method is 
that it is fully parallelizable in a straight¬ 
forward manner. 

Experiments and 
results 

We performed the experiments with a 
3D volumetric model of dimensions 
64 x 64 x 16 voxels. A synthetic domain 
was defined and represented in a similar 
grid. A simulated range sensor positioned 
in space produced circular range images. 
Figure 2 shows the robot in the domain at 
the first position; voxels in the sensor’s 


field of view are drawn with a different 
color. Figure 3 shows the range image 
obtained from that view. Darker pixels 
represent objects closer to the viewer. The 
sensor was placed in 12 different positions, 
and orientations in the environment and 
the range images for these views were 
obtained. The model, initially Unknown, 
was then updated using these range 
images. 

We also performed experiments with the 
same data, with added noise and some 
location uncertainty. Figure 4 shows the 
resulting model after the first view. 
Unknown voxels are drawn as small, semi¬ 
transparent, black-edged cubes, and Full 
voxels are drawn as colored cubes. Figures 
5 and 6 show the model after three and 12 
views, respectively. Note the quality of the 
obtained model compared to the original 
domain. 

To evaluate the results numerically, we 
introduced three parameters: quality level, 
acquaintance level, and error level. The 
quality level represents the percentage of 
the free space correctly found. This is an 
important aspect for evaluating the 
method for robot navigation and path 
planning. Since the goal is to correctly 
identify the clear passages in a domain, the 
percentage of the Void voxels found gives 
a quantitative estimate of the model’s 
quality. The acquaintance level represents 
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the percentage of the space explored. This 
helps evaluate the performance with 
respect to the number of views taken. The 
error level represents the percentage of 
wrong Void voxels in the model. This 
parameter actually specifies the confidence 
level we can assign to the model’s 
accuracy. The combined parameters of 
quality and error are obviously the bottom 
line for evaluating the model. 

We evaluated the results for a lower 
resolution model in the same manner. This 
additional evaluation was needed because 
the above parameters do not specify the 
spatial distribution of the wrong or correct 
voxels in the model. Moving to one lower 
resolution level allows you to evaluate the 
extent of the quality and the errors in the 
model for navigation and path planning. 

Table 1 shows sample results for the 
effect of noisy images on the model (o is 
the standard deviation of a Gaussian noise 
process). The value of the range pixels was 
0-128, so a standard deviation of eight 
represents an enormous noise level. 

With respect to the acquaintance level, 
the results indicate that the 12 views used 
are sufficient for inspecting the given envi¬ 
ronment. Moreover, the acquaintance 
level reached 90 percent after only five 
views. The quality and error levels for the 
number of views (without noise or location 
uncertainty) tend to reach a saturation 


Figure 6. The final model after 12 views. 


level. The data obtained at lower reso¬ 
lution indicates that the detected errors are 
negligible. 

The results point out that the method is 
not susceptible to noise. An error level up 
to 1 percent is produced in full resolution 


up to noise levels of a = 3. Furthermore, 
at the lower resolution level, the error level 
drops below 1 percent, even for high noise 
levels of a = 8. We expected this resistivity 
to noise due to the natural smoothing that 
is performed implicitly. 
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Table I. The effect of noisy range images on the final model. 


0 

Quality Level 
(in percent) 

Acquaintance Level 
(in percent) 

Error Level 

(in percent) 

0 

97.1 

99.9 

0.71 

1 

96.9 

99.9 

0.72 

2 

96.0 

99.9 

0.75 

3 

95.5 

99.9 

1.04 

4 

95.4 

99.9 

2.38 

5 

95.4 

99.8 

4.54 

6 

95.5 

99.7 

7.43 

7 

95.4 

99.3 

10.80 

8 

95.5 

98.9 

14.15 


As for location uncertainty, at full reso¬ 
lution only up to an uncertainty diameter 
of 3 produces acceptable errors. The error 
levels are still low at the lower resolution 
up to an uncertainty diameter of 4, but 
then they rise sharply. As mentioned 
before, an adaptive threshold may be 
added to deal with location uncertainty. 
However, there will be a trade-off between 
the quality level and the error level when 
adding this threshold. 

W e presented a method for 
generating, refining, and 
updating a volumetric envi¬ 
ronment model of a domain using dense 
range data. Such a method can be used by 
an autonomous intelligent system for navi¬ 
gation and path planning as well as object 
recognition and manipulation. We defined 
performance measures for the algorithm 
and provided quantitative results with 
noisy data and positional uncertainty. The 
quality of the results, the stability of the 
method under noisy conditions, the rela¬ 
tive speed of computation, and the real 3D 
quality of the information acquired 
demonstrate the method’s potential for 
autonomous intelligent systems. 

Though we are presently assuming a 
static environment, we intend to be able to 
cope with dynamic environments using 
conflicting information between the 
expected scene and the viewed scene, and 
by combining higher level information 
such as attributes for static, potentially 
mobile, and actively dynamic voxels. 
Another important future addition will be 
the treatment of location uncertainty. We 
think an adaptive technique that changes 
its operation mode according to the level 
of acquaintance with the environment may 
provide the desirable results. □ 
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A Vision System 
for Robotic Inspection 
and Manipulation 
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R obots provide the physical link 
between intelligence and action. 
Structurally, a robot has three 

modules: 

(1) mechanical assemblies, such as a 
robot arm, end effectors, and mobil¬ 
ity platforms; 

(2) sensors, for sensing the work envi¬ 
ronment; and 

(3) the perception, planning, and con¬ 
trol unit, which interprets the sen¬ 
sory input and plans and controls 
the robot’s actions. 

Advanced robotic systems should be 
able to perform a variety of tasks in com¬ 
plex, unstructured environments with a 
high level of autonomy. However, most 
current systems require a highly struc¬ 
tured environment. 12 This requirement 
can be relaxed if the robot has an array of 
external sensors to sense its environment. 

Sensor-driven operation is critical to 
making robots more versatile. Advanced 
robotic systems using such sensor modali¬ 
ties as vision, range, force, and touch can 
be employed in a variety of applications. 
Vision in particular offers rich sensory 
data for accurate and detailed interpreta¬ 
tion of a robot’s work environment. Ro- 


This model-based 
vision system analyzes 
gray-scale images 
for spectral, spatial, 
and relational 
features, allowing 
autonomous robotic 
inspection and 
manipulation in a 
variety of industrial 
environments. 


bots can use vision-derived information 
effectively in such important tasks as ob¬ 
ject recognition, determining object loca¬ 
tion in the three-dimensional workspace, 
and status inspection. 


In this article we describe the design, 
development, and testing of a vision sys¬ 
tem that can perform a variety of inspec¬ 
tion and manipulation tasks. The system 
has been in operation for more than a year 
in our laboratory. Although most of our 
findings relate to a broad class of indus¬ 
trial automation tasks, the specific opera¬ 
tional environment we considered was a 
nuclear power plant, where robotic in¬ 
spection offers the potential for reduced 
radiation exposure to personnel and lower 
plant operating costs. 1 2 3 

A comprehensive inspection and sur¬ 
veillance system clearly requires a wide 
array of sensory systems, including vi¬ 
sion, radiation, vibration, sound, and tem¬ 
perature sensors. We concentrate on the 
vision sensor, which in its simplest form is 
a black-and white camera. The accompa¬ 
nying sidebar (p. 94) lists some of the 
major inspection tasks possible using 
advanced vision capability in a nuclear 
plant. These tasks need not be performed 
totally autonomously; a human observer 
can interpret images acquired by station¬ 
ary cameras or those mounted on robots. 
However, our system performs the entire 
process automatically, from image acqui¬ 
sition to final interpretation of the scenes. 
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Figure 1. The test panel and an industrial robot with vision, range, touch, force, 
and proximity sensory capabilities. 



Figure 2. Operations performed by the vision-guided robotic system. 


information regarding an object’s status or 
condition. Designing a computer vision 
system that can perform such tasks is 
complex and challenging. The main diffi¬ 
culty arises from the fact that images are 
two-dimensional projections of a three- 
dimensional scene and that innumerable 
factors affecting the illumination source, 
scene, and sensor parameters can result in 
the same observable intensity value in the 
recorded image. 

A model-based approach has been pro¬ 
posed to make object recognition compu¬ 
tationally tractable. 4 In this approach, 
models associated with objects expected 
to appear in the scene are recorded in the 
system’s knowledge base. The system 
extracts various features from the input 
images using robust, low-level, general- 
purpose operators. Finally, matching is 
performed between the image-derived 
features and the scene-domain models to 
recognize objects. Factors affecting the 
successful design and implementation of 
model-based vision systems include the 
ability to derive suitable object models, 
the nature of image features extracted by 
the operators, a computationally effec¬ 
tive matching approach, knowledge 
representation schemes, and effective 
control mechanisms for guiding the sys¬ 
tem’s overall operation. 

A number of studies describe applica¬ 
tions in which model-based vision sys¬ 
tems analyze outdoor scenes as well 
as indoor, industrial scenes. 4 ' 8 Indoors, 
we can control illumination, viewing ge¬ 
ometry, and background types to design 
practical systems satisfying operational 
requirements of accuracy, speed, and ro¬ 
bustness. Most commercial vision systems 
for industrial inspection use binary image 
processing to simplify analysis, 8 restrict¬ 
ing the types of objects and scenes they 
can analyze successfully. The vision sys¬ 
tem we describe below uses gray-scale 
images, which are more complex but can 
successfully handle complex scenes with 
multiple object types. 

Design of a model- 
based vision system 


Model-based 
computer vision 

The main goal of a robot vision system 
is to accurately interpret a scene, using 
camera-captured images as the primary 


source of input. The system can provide 
such interpretation in a variety of forms 
and at different levels of abstraction. One 
useful form is an object location map, 
where the system recognizes different 
types of physical objects in the scene and 
accurately locates them. Also useful is 


Our research focuses on the develop¬ 
ment of an autonomous system capable of 
various inspection and manipulation tasks 
associated with a typical control panel. We 
designed the panel in consultations with 
experts from the nuclear industry, using 
off-the-shelf components. The tasks in¬ 
clude reading meters and displays, and op- 
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erating switches, controls, and valves. 
Teleoperation or automatic operation of 
valves is one of the major desired capabili¬ 
ties of a robotic system in nuclear power 
plants. 3 

Our experimental set-up includes a test 
panel, a Cincinnati Milacron T 3 -726 robot 
with enhanced multiple sensory capabil¬ 
ity, computers, and manipulation tools. 
Figure 1 shows the test panel and the robot 
with sensors mounted on the arm. The 
situation we are considering does not re¬ 
quire a mobile platform for robot move¬ 
ment. The sensors consist of vision, range, 
and proximity seniors as noncontact de¬ 
vices and touch and force/torque sensors 
as contact devices. The camera and range 
sensor point parallel to the robot’s fingers, 
while the proximity and touch sensors are 
mounted within the fingers. The force/ 
torque sensor is mounted between the grip¬ 
per and the face plate of the end effector to 
measure the forces acting on the gripper. 

The prototype system is required to 
perform the tasks listed in the sidebar in an 
autonomous mode. The robot first identi¬ 
fies the exact position of the panel using a 
camera calibration program. Next, it uses 
a computer vision system to develop an 
object location layout map for various 
devices on the panel. A code displayed on 
a LCD meter specifies the inspection or 
manipulation task to be performed. After 
decoding the command, the robot per¬ 
forms the requested task. Figure 2 illus¬ 
trates the above sequence. 

Vision system architecture. We con¬ 
sidered the following factors in designing 
the vision system: 

• The system should extract, analyze, 
and use all meaningful information from 
image inputs, including spectral, spatial, 
and relational information. 

• To ensure robust system performance, 
only relative information about the ob¬ 
ject’s spectral and spatial attributes should 
be used. 

• The user should provide the object 
models stored in the system’s knowledge 
base. In knowledge acquisition mode, the 
system asks the user questions regarding 
expected objects and constituent sub¬ 
objects. Whenever the scene changes, an¬ 
other knowledge acquisition session can 
update the knowledge base. Figure 3 
shows the exact representation of the spec¬ 
tral, spatial, and relational information. 

• The system should be modular and 
easy to expand to accomodate changes in 
the task environment. 

• The system should possess an expla- 


(id #=0), 
(id #=1), 

(id #=2), 
(id #=3), 
(id #=4), 
(id #=5), 


name: panel, number 

Spectral property: the object’s spectral property is undefined 
name: slider, number 

name of the subobject: slot 

name of the subobject: handle 

Spectral property: the object’s spectral property is undefined 
nam e: slot, number 

Spectral property: the object is darker than background 
name: handle, number 

Spectral property: the object is brighter than background 
name: lcd_meter, number 

Spectral property: the object is darker than background 
name: analog_meter_ 1, number 

name of the subobject: meter 1_ 

name of the subobject: meter 1_ 

Spectral property: the object’s spectral property is undefined 


of subobjects=0 
of subobjects=2 

of subobjects=0 
of subobjects=0 
of subobjects=0 


(id #=0), 

Spatial property: 

panel. 

number of subobjects=0 


the object’s min. size 

: = 7000/10000 



the object’s max. siz 

e = 13000/10000 



the object is rectangular-shaped 



the object’s direction 

is undefined 



the object W/H ratio 

= 50/100 


(id #=1), 

name of the subobject: 

slider, 

number of subobjects=2 
slot 


name of the subobject: 


handle 

(id #=2), 

Spatial property: 


undefined 

Spatial property: 

slot. 

number of subobjects=0 



the object’s min. size 

: = 15/10000 



the object’s max. size 

: = 80/10000 



the object is rectangular-shaped 



the object’s direction 

is in 0 degrees 



the object W/H ratio 

= undefined 


(id #=3), 

Spatial property: 

handle. 

number of subobjects=0 


the object’s min. size 

= 20/10000 



the object’s max. size 

: = 55/10000 



the object is rectangular-shaped 



the object’s direction 

is in 90 degrees 



the object W/H ratio 

= undefined 


(id #=4), 

Spatial property: 

lcd_meter. 

number of subobjects=0 


the object’s min. size 

= 90/10000 



the object’s max. size 

: = 150/10000 



the object is rectangular-shaped 



the object’s direction 

is undefined 



the object W/H ratio 

= 30/100 


(id #=5), 

name: analog_meter_ 1, 

number of subobjects=2 


name of the subobject: 


meter l_base 


name of the subobject: 


meter l_face 


Spatial property: 


undefined 

(b) 




(id #=0), 

name: 

panel, 

number of subobjects=0 

(id #=1), 

name of the subobject: 

slider, 

number of subobjects=2 
slot 


name of the subobject: 


handle 

Intra-relationship for slider: slot i; 

s RIGHT.OF handle 


(id #=2), 

name: 

slot, 

number of subobjects=0 

(id #=3), 

name: 

handle, 

number of subobjects=0 

(id #=4), 


lcd_meter. 

number of subobjects=0 

(id #=5), 

name of the subobject: 

alog_meter_l, 

number of subobjects=2 
meter l_base 


name of the subobject: 


meter 1 face 

Intra-relationship for analog_mete 

r_l: meterl_base is BELOW meterl_face 

(C) 





Figure 3. Partial representations of the (a) spectral, (b) spatial, and (c) rela¬ 
tional knowledge of objects expected to appear. The complete lists contain 16 
objects. The attributes are normalized. 
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Object status recognizer 
modules and manipulation 
modules 


Figure 4. Functional modules used to recognize objects and determine their 
locations. 


nation capability to let the user understand 
the system’s reasoning in object-recogni¬ 
tion decisions. 

Robustness and ease of expandability are 
two key features guiding the vision sys¬ 
tem’s development. 

General-purpose procedures. The sys¬ 
tem is divided into two basic groups of 
procedures. The first group consists of 
general-purpose procedures that: 

• allow a user to input an object’s spec¬ 
tral, spatial, and relational attributes 
and encode this information in the 
system knowledge base; 

• acquire gray-scale images of different 
resolutions; 

• perform segmentation of input 
images; 

• extract spectral, spatial, and relational 


features from the acquired gray-scale 
images; 

• match image-derived features with 
object attributes to recognize objects; 
and 

• determine 3D locations of objects in 
the camera’s field of view using the 
camera calibration module. 2 

The camera calibration module requires 
identification of four control points in the 
image. We use four lights mounted on the 
panel border as the control points. The 
robot acquires one image with the lights 
turned on and another with the lights 
turned off. It then analyzes the difference 
to detect these lights in the image plane, 
and calculates and stores a transformation 
matrix that allows us to transform the 
image coordinates into 3D coordinates. 

Because the procedures that perform the 


above functions are general purpose, they 
rely on minimal knowledge about the 
scene and its elements. For example, the 
sequence of procedures for recognizing 
and locating a meter in the panel basically 
resembles that for recognizing and locat¬ 
ing a valve. 

Figure 4 shows the functional modules 
and processing steps for deriving an object 
location map. A robust, region-growing 
segmentation procedure identifies 
“blobs,” that is, distinct regions with uni¬ 
form gray-level intensities. The system 
analyzes the segmented image to extract 
the spectral, spatial, and relational fea¬ 
tures of each blob. The only spectral fea¬ 
ture extracted is the blob’s mean gray 
level. The spatial features include size, 
shape, perimeter, principal direction, co¬ 
ordinates of the smallest rectangle enclos¬ 
ing the blob, height, width, and elonga¬ 
tion. Relational features can be derived 
from the coordinates of the smallest en¬ 
closing rectangle. 

The matching module follows a bottom- 
up approach, first searching for the sub¬ 
objects and then examining the appropri¬ 
ate relational constraints to see if these 
subobjects can form an object. The initial 
search for a subobject matches the spectral 
and spatial features of a blob with the cor¬ 
responding properties specified in the 
knowledge base. For example, a system at¬ 
tempting to find a slider will first identify 
all blobs satifying the spectral and spatial 
properties for the subobject “slot,” (as 
specified in Figure 3). Similarly, all blobs 
satisfying the constraints associated with 
the subobject “handle” are detected. The 
system then examines blobs associated 
with “slot” and “handle” in pairs to see 
if they satisfy the specified relational 
constraints. 


Inspection tasks to 
be automated 

The following are the inspection 
tasks required in a nuclear power plant 
where vision sensors can be used 3 : 

• Verify position of valves and 
dampers. 

• Measure oil and liquid levels in 
sight meters. 

• Read instruments and gauges 
(pressure, temperature, flow). 

• Detect and locate steam/water 
leaks. 

• Verify integrity, position, and leak- 


tightness of pipe snubbers. 

• Detect and determine liquid and oil 
spillage. 

• Detect loosened parts and abnor¬ 
malities in the operation of fans, 
pumps, blowers, etc. 

• Verify integrity of security locks. 

The following are the experimental 
inspection and manipulation tasks we 
want the robotic system to perform au¬ 
tonomously: 

• Locate the panel. 

• Read command from binary light 
code. 

• Read command from a seven- 


segment display. 

Identify, locate, and read analog 
meter. 

Identify, locate, and read digital 
meter. 

Monitor the status of meters and 
controls. 

■ Identify, locate, and turn valve. 

■ Identify, locate, and activate push¬ 
button switch. 

' Identify, locate, and operate an 
emergency knob. 

« Identify, locate, and operate a 
slider control. 

> Identify, locate, and manipulate 
the valve-turning tool. 
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To search for objects that do not have 
subobjects, the system needs to match only 
the spectral and spatial constraints. When 
all objects in the image are recognized, the 
transformation matrix calculated by the 
camera calibration module is used to cal¬ 
culate the objects’ locations in the robot’s 
3D work space. The relative spectral and 
spatial features are derived using the at¬ 
tributes associated with the panel for 
normalization. 

Special-purpose procedures. The sec¬ 
ond group of procedures addresses spe¬ 
cialized requirements to deal with individ¬ 
ual objects. These procedures determine 
the status of objects recognized and lo¬ 
cated by the general-purpose procedures. 
Table 1 lists the objects on the test panel 
and the type of status information associ¬ 
ated with each of them. Depending on the 
type and nature of the object, the camera 
mounted on the robot’s arm is moved to 
take close-up images that are analyzed to 
determine the object’s status. We offer a 
detailed discussion of the routines for 


object-status recognition elsewhere. 9 

Performance verification. Using the 
testbed described earlier, we have verified 
the system’s capability to perform the 
experimental tasks listed in the sidebar. 
Figure 5a shows input gray-scale images 
acquired by the robot after determining the 
panel position. Figure 5b shows the results 
of the segmentation. The matching mod¬ 
ule processed these results to determine 
the types of objects and their 3D locations. 
Figure 5c shows the results of the object- 
recognition module. 

Figure 6 shows the results of the se¬ 
lected object-status recognition modules. 
For the gray-scale image of an analog 
meter (Figure 6a), the system used a status- 
recognizer program employing edge de¬ 
tection and Hough transform routines to 
determine the needle position. The gray¬ 
scale image of another type of analog 
meter (Figure 6b) was analyzed similarly 
to the one in 6a, yielding an accurate 
needle position. The system used edge 
detection and thinning routines on the 


Table 1. Objects on the test panel and 
their status information. 


Object Type 

Status 

Light 

On/Off 

Analog meter 

Needle position 

Digital meter 

Numeric code 

Valve 

Position of 


the holes 

Slider control 

Handle position 

Push-button switch On/Off 

Toggle switch 

On/Off 


gray-scale image of a digital display meter 
to get the results shown in Figure 6c. These 
results were later processed using Fourier 
shape descriptors to identify the 18.4 nu¬ 
meric code. 

W e derived these results in an 
on-line session on a general- 
purpose VAX 11/785 com¬ 
puter. Less than two minutes elapsed 
between acquisition of the first image for 
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Figure 6. Automatic “reading”of the meters: (a) and (b), gray-scale images of analog meters and the results of needle- 
position determination; (c) gray-scale image of an LCD digital meter and the results of edge detection and thinning 
operations. 


determining the panel position and recog¬ 
nition of the status of various objects. 

To test the system’s robustness and ac¬ 
curacy, we have conducted more than one 
hundred experiments involving varying 
illumination conditions and viewing ge¬ 
ometry. The results have been promising. 
To test the system’s performance further, 
we transported the software to another 
location with a different robot, camera, 
and illumination conditions. The system 
has performed successfully at these two 
locations, suggesting that its performance 
is robust, accurate, and reliable. Further 
planned enhancements include use of 
3D cues sensed by stereo or range sen¬ 
sors. 10 □ 
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tion of education and experience. 

Superior compensation and benefits are 
provided. For prompt consideration, send 
resume to: Molly Birely (MS P280), Per¬ 
sonnel Services Division 90201-BP, Los 
Alamos National Laboratory, Los Alamos, 
NM 87545. 

Affirmative Action/Equal Opportunity 
Employer. Must be able to obtain a De¬ 
partment of Energy Security Clearance. 


University of California 
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Editor: Guylaine M. Pollock, Parallel Computing Science Division 1424, Sandia National Laboratories, PO Box 5800, 
Albuquerque, NM 87185. 


ONR and four ONR representatives selected 
to receive special Computer Pioneer Awards 


The IEEE Computer Society Board 
of Governors has nominated the US 
Office of Naval Research and four of 
its representatives to receive special 
Computer Pioneer Awards. 

The four representatives are Mina S. 
Rees, Marshall C. Yovits, the late Gor¬ 
don D. Goldstein, and the late F. 
Joachim Weyl. 

Goldstein died May 13 at the age of 
72, just 17 days after receiving his Com¬ 
puter Pioneer Award at an April 26 
presentation at a Silver Spring, Mary¬ 
land, nursing home. The presentations 
to Rees and Yovits and the posthumous 
presentation to Weyl will be made at a 
date to be determined. 

The society honors its Computer 
Pioneers to recognize significant contri¬ 
butions to the early concepts and devel¬ 
opment in the computer field traceable 
to 15 or more years prior to eligibility. 

“The ONR’s contribution during the 
1940s and 1950s through its vigorous 
and courageous support of computer 


Neural network task 
force seeks participants 

The IEEE Computer Society Task 
Force on Neural Networks is seeking 
active researchers, scientists, applica¬ 
tion developers, and project managers 
willing to participate in its 12 projects. 
Two of the projects entail a study of the 
close cooperation between neural net¬ 
works and artificial intelligence and a 
compilation of the history of neural 
networks. 

The task force, which has been active 
since September 1987, needs technical 
contributors and welcomes active par¬ 
ticipation from representatives of 
government agencies, academia, and 
industry. 

To volunteer or to obtain further 
information, contact Kamal N. Kama, 
IEEE Computer Society Task Force on 
Neural Networks, Computer Communi¬ 
cations and Graphics, 823 Flagler Dr., 
Gaithersburg, MD 20878-1938. 


research, engineering, and development 
played a unique role leading to the 
development of digital computers,” 
said Ken Anderson, president of the 
Computer Society. 

“Funds for research of this kind were 
quite scarce then,” Anderson said, 

“and many of the early concepts origi¬ 
nating through the ONR during this 
period now support such important 
areas as time sharing, artificial intelli¬ 
gence, neural nets, and pattern recog¬ 
nition. 

“At the time, the ONR was the first 
governmental organization to establish 
a group called the Information Systems 
Branch (ISB), whose function was to 
support computer and information 
research and technology. The work of 
this group played a seminal role in these 
developments.” 

Anderson made the presentation to 
Goldstein at the April 26 event attended 
by the honoree’s wife, Ida, plus col¬ 
leagues, friends, and other family 
members. 

At the presentation, Anderson said, 
“It is most appropriate that your work 
as a pioneer at the ONR [be] recog¬ 
nized. The profession now honors you 
for that personal contribution to the 
development of the electronic computer 
field.” 

Goldstein helped found the ISB and 
conceived and drove many of its activi¬ 
ties. For a decade, he served as editor of 
the Digital Computer Newsletter after it 
was launched in the early 1950s. It was 
the only newsletter of its kind providing 
researchers with information on com¬ 
puter development. Goldstein retired 
from the ONR in 1980. 

Yovits, who left the ONR in 1966, is 
currently a professor of computer and 
information science at Indiana 
University-Purdue University at Indi¬ 
anapolis and formerly served as dean of 
the Purdue University School of Science 
in Indianapolis. 

Rees is the retired president of the 
graduate school at the City College of 
New York. 

Weyl served as dean of science and 
mathematics at Hunter College in New 
York. 


UPDATE 


NAS seeks “modest” 
support for basic 
research 

National Academy of Sciences Presi¬ 
dent Frank Press has asked government 
leaders to double total federal support 
for basic science over the next five 
years and to pass special legislation to 
correct what he called two decades of 
neglect in the funding of science build¬ 
ings and laboratories. He made the re¬ 
quest in a speech given to members of 
the academy during its 126th annual 
meeting April 25. 

Press called the new resources re¬ 
quired “surprisingly modest” and the 
returns great. He said that these invest¬ 
ments are “essential to our future.” 

Press also called for establishment of 
a National Economic Security Council 
to improve federal coordination of 
policies affecting US industrial com¬ 
petitiveness. He pointed to the need to 
improve science education, the poor 
public image of science, and the sup¬ 
port of science graduate students. 

For a copy of Press’ speech, contact 
the Office of Government and External 
Affairs, National Academy of Sci¬ 
ences, 2101 Constitution Ave. NW, 
Washington, DC 20418, phone (202) 
334-2000. 


News briefs 

IAPR seeks award nominees. 

The International Association for 
Pattern Recognition is seeking 
nominations for the 1990 King-Sun 
Fu Award. The award is in honor of 
King-Sun Fu, who helped found 
IAPR and was its first president. 

The award, consisting of a framed 
certificate and a cash award, will 
recognize a living person for out¬ 
standing technical contributions to 
the field of pattern recognition. 

Nominations must be made by a 
member of a national member soci¬ 
ety of IAPR and endorsed by at 
least five members representing at 
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Contributions to Update are. welcome. Send news of industrial or university research and of public policy or professional issues to Update Editor, 10662 Los Vaqueros Circle, Los Alamitos, 
CA 90720, or to Bruce Shriver, Editor-in-Chief, Dept, of Decision Sciences, University of Hawaii, 2404 Maile Way, Honolulu, HI 96822. 


Cornell issues report on computer worm 


Cornell University graduate student 
Robert Tappan Morris Jr. acted alone 
in November 1988 when he created and 
spread a computer worm through the 
Internet network, the Cornell Univer¬ 
sity commission investigating the inci¬ 
dent has concluded. The worm affected 
thousands of computers nationwide. 

The commission sought to determine 
the involvement of Morris or other 
Cornell associates, the implications of 
the worm for Cornell computer poli¬ 
cies, and the motivation and ethical is¬ 
sues underlying the worm’s develop¬ 
ment and release. 

The group interviewed Cornell fac¬ 
ulty, staff, and graduate students, and 
staff and former students of Harvard 
University, where Morris did under¬ 
graduate work. It also used files from 


Morris’s computer account, Cornell 
Computer Science Department docu¬ 
ments, telephone records, media re¬ 
ports, and technical reports on the 
worm from other universities. 

Morris was advised by his counsel 
not to grant an interview, and a Har¬ 
vard graduate student who knew Morris 
well, Paul Graham, was unavailable for 
commission questions. 

The commission acknowledged com¬ 
puter scientists at the University of 
California at Berkeley who provided a 
“decompiled” version of the worm 
and other technical information. The 
group also used information provided 
by Eugene H. Spafford of Purdue Uni¬ 
versity and Donn Seeley of the Univer¬ 
sity of Utah, who analyzed the worm. 

Release of the report was delayed at 


the request of the attorneys for the US 
and for Morris. However, Provost 
Robert Barker made the decision to re¬ 
lease the report April 3. 

The commission was led by Cor¬ 
nell’s vice president for information 
technologies, M. Stuart Lynn. Other 
members were law professor Theodore 
Eisenberg, computer science professor 
David Gries, engineering and computer 
science professor Juris Hartmanis, 
physics professor Donald Holcomb, 
and Associate University Counsel Tho¬ 
mas Santoro. 

Copies of “The Computer Worm” 
are available from the Office of the 
Vice President for Information Tech¬ 
nologies, 308 Day Hall, Cornell Uni¬ 
versity, Ithaca, NY 14853-2801, phone 
(607) 255-3324. 


National Research Council launches computer security study 


The US Defense Advanced Research 
Project Agency has asked the National 
Research Council’s Computer Science 
and Technology Board to assess secu¬ 
rity and related problems associated 
with computer-based technology. The 
study committee plans to review solu¬ 
tions that may already exist, evaluate 


research efforts aimed at enhancing the 
trustworthiness of computer systems, 
and address existing public policies re¬ 
garding computer security. The study 
is scheduled for completion in late 
1990. 

David D. Clark, senior research sci¬ 
entist at MIT’s Laboratory for Com¬ 


puter Science, will chair the commit¬ 
tee, which will also examine the issue 
of trusted computer systems for a range 
of users. 

National Research Council offices 
are located at 2101 Constitution Ave. 
NW, Washington, DC 20418, nhone 
(202) 334-2000. 


least two member societies other 
than the nominator’s. 

Nominations must be received by 
January 5, 1990. The award will be 
presented at the Tenth International 
Conference on Pattern Recognition, 
scheduled for June 1990 in Atlantic 
City, New Jersey. 

Contact Jack Sklansky, Dept, of 
Electrical Engineering, University of 
California at Irvine, CA 92717; or 
Michael J.B. Duff, Dept, of Physics 
and Astronomy, University College, 
London, Gower Street, London 
WC1E 6BT, England. 

NSF awards minority graduate 
fellowships. The National Science 


Foundation has awarded 100 fellow¬ 
ships to minority students for gradu¬ 
ate study in the sciences, mathemat¬ 
ics, and engineering. For a list of the 
awardees and honorable mention 
awardees, contact the Minority 
Graduate Fellowship Program, 
Division of Research Career Devel¬ 
opment, NSF, 1800 G St. NW, 
Washington, DC 20550. 

University of Utah establishes 
supercomputing center. The Uni¬ 
versity of Utah has signed a $22 mil¬ 
lion contract with IBM to establish a 
supercomputing center on the Salt 
Lake City campus. The agreement 
involves the state and a consortium 


comprising Utah State University, 
the University of Utah, and Brigham 
Young University. 

Contact James Brophy, (801) 581- 
7236, or Ronald Pugmire, associate 
vice president for research, (801) 
581-7236. 

Report on computer crime. A re¬ 
port from the National Center for 
Computer Crime Data purportedly 
provides a statistical measure of the 
nature and extent of computer crime. 
“Commitment to Security” is avail¬ 
able for $36 from the National Cen¬ 
ter for Computer Crime Data, 2700 
N. Cahuenga Blvd., Suite 2113, Los 
Angeles, CA 90068. 
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26 th ACM/IEEE 

DESIGN AUTOMATION CONFERENCE® 


THE WORLD’S PREMIER CAD/CAM CONFERENCE 
BECOME A PARTICIPANT IN THE CAD/CAM EVENT OF THE YEAR! 

DA professionals world-wide attend DAC to remain technically 
current in the constantly changing field of Design Automation. 

» Over 150 papers, tutorials and panels. 

» Over 125 vendors of CAD hardware and software will be exhibiting their 
products. 

» Over 50 exhibitor technical presentations on Sunday, June 25,1989. 
Many announcing new products. 

» Six full day tutorials Thursday, June 29,1989 ; information shown below. 

LAS VEGAS CONVENTION CENTER, LAS VEGAS, NEVADA 

JUNE 25-29, 1989 IEEE COMPUTER 



HOTEL RESERVATION FORM 
26th Design Automation Conference 
June 25-29, 1989 

Reservation requests will be handled on a first-come, first-served basis by The 
Las Vegas Hilton, Alexis Park, Caesars Palace, and The Riviera Hotels Buses 
will only stop at participating hotels Busing is included in your room rate. 


Room reservations must be made directly with the hotel of your choice. 


ROOM RATES: 

All rates are for single or double occupancy and will be honored only if your 
reservation is made by May 31,1989. Complete the form below and send to: 


$72.00 

The Las Vegas Hilton Hotel 
3000 Paradise Road 
Las Vegas NV89109 
(702) 732-5111 
or toll free (800)732-7117 
(next to the convention center) 


$72.00 

Caesars Palace Hotel 
3570 Las Vegas Blvd. South 
Las Vegas NV 89109 
(702) 731-7110 
or toll free (800) 634-6661 


$57.00 

The Riviera Hotel 
2901 Las Vegas Blvd. South 
Las Vegas NV 89109 
(702) 734-5110 
or toll free (800) 634-6753 


$72.00 

♦Alexis Park Hotel 
375 East Harmon 
Las Vegas NV 89109 
(702) 796-3300 
or toll free (800) 582-2228 
♦All Suite Hotel 


CAUTION: Hotel reservations sent to the DAC office will be discarded! 

Be sure to specify that you are attending the 26th Design Automation 
Conference when calling in reservations to ensure that you will receive the 
Conference rate. 

First Name_Last Name_ 


Register for the 26th DAC at 
The Las Vegas Convention Center 

Registration begins Sunday, June 25, 1989 at 1:00 P.M. You may 
register for the full conference, or attend DAC for one day only. 
“Out of 450 submissions, fewer than 100 were selected for full 
paper presentations. Papers that were selected were of a con¬ 
sistently high standard as a result of such a low acceptance 
rate.” A. Richard Newton, Program Chair 26th DAC 


Sessions On: 

High-level Synthesis 
Circuit Simulation 
Layout Generators 
Languages 
Floorplanning 

Social Impact of Computerization 

Routing 

CASE 

Design Management 
Computer-integrated Manufacturing 


Logic Optimization 
ASICs 

Circuit Testing 
Hybrid Packages 
Network Techniques 
Hardware Verification 
Timing Verifiers 
Behavioral Verification 
Tools and User-Interfaces 


Many more sessions which are not included in this listing. 


Full-Day tutorials June 29,1989 

An Introduction to VHDL 
CASE for Engineering Software Development 
Logic and Behavioral Design Synthesis 
Timing Verification 

Using EDIF to Describe Electronic Design Data 
Introduction to Testing for VLSI Designers 

You must register for at least one day of the conference to be 
eligible to register for a tutorial. 


Company_Mail Stop_ 

Street Address_ 

City_State_Zip_ 

Arrival Date_Time_AM_PM_ 

Departure Date_Time_AM_PM_ 

Your reservation will be confirmed by the hotel. A one night deposit payable 
to the appropriate hotel is required by check or credit card. 

_VISA _MASTERCARD _AMERICAN EXPRESS 

Number_Exp. Date_ 


At Conference Registration: 

Conference Conference 

Only and Tutorial 


Member IEEE/ACM 
Non-Member 
Students 
One-day-only 


$150.00 $250.00 

190.00 340.00 

75.00 (tutorial slots 

70.00 limited) 


Full conference fee includes Monday night Cocktail Party, Tuesday night 
DAC festive party, free busing to and from the Convention Center and 
admission to the Exhibit Hall, as well as proceedings and coffee breaks. 


Call or FAX MP Assoc, for full program. 
CALL: (303) 530-4333 
FAX: (303) 530-4334 


























PRODUCT REVIEWS 


Editor: Richard Eckhouse, MOCO, Inc., PO Box A, 91 Surfside Rd., Scituate, MA 02055; Compmail+, r.eckhouse 


The Windows environment 



Samna's Ami is a graphically-oriented word processor that takes advantage of the 
Microsoft Windows environment. 


Microsoft Windows acts like an oper¬ 
ating system. It provides an environment, 
complete with all the necessary services 
and tools, to make it easier for an appli¬ 
cation to accomplish its job. Because 
these applications don’t have to duplicate 
the services and tools, they can concen¬ 
trate on fulfilling their purpose and, in 
the process, require less physical system 
resources to do so. As a result, you can 
run more applications, and you can run 
them concurrently. 

The applications chosen for review in 
this issue suit the Windows environment 
well. They take advantage of the graphi¬ 
cal interface that Windows offers, make 
it easy to share resources (like printers or 
COM ports), and end up providing an in¬ 
tegrated desktop that most of us can 
benefit from. The catch is the cost in 
terms of both CPU speed and size of 
memory. 

The reviewers for this issue (Richard 
Eckhouse, Sorel Reisman, Frank Pappas, 
and Michael Dediu) used either a 286 or 
386 machine with 1-4 Mbytes of memory 
and typically a color EGA or VGA video 
display on a multisynch monitor. These 
high-performance systems meant the 
overhead of Windows and the applica¬ 
tions was not a serious consideration. 

The following reports our reviewers’ 
opinions on a number of interesting ap¬ 
plications for the Windows marketplace. 
It’s an exciting place to work, and I think 
you’ll find the reviews equally interest¬ 
ing and exciting. — R. Eckhouse 

Word processing at its 
best 

I really enjoy using Ami from Samna. 
This dynamite product is easy to master, 
performs well, and produces excellent 
results. Now, if I tell you it’s a word 
processor, I’d guess your eyes are al¬ 
ready wandering to the next product re¬ 
view. After all, we have all adopted 
some word processor already, so who 
needs another? But we’re looking at 
products that take advantage of Micro¬ 
soft Windows, and right now very few 
word processors do so. After all, we’re 
talking about a graphically oriented word 
processor that opens new vistas when it 


comes to creatively generating interest¬ 
ing documents in addition to your run-of- 
the-mill business letter. 

The workplace. AMI presents you 
with a screen full of information that is 
both useful and artfully arranged to ap¬ 
pear uncluttered. Two lines at the top 
(common to Windows applications) give 
the current document name and the pull¬ 
down menus for file, edit, view, text, 
style, page, frame, tools, and options. 

The left-hand side contains the icons for 
changing the view, adding a frame, se¬ 
lecting a style, undoing a command, or 
printing a file. The bottom line tells you 
the current style and page, and includes a 
scroll bar for moving the view horizon¬ 
tally. A scroll bar on the right side 
handles vertical scrolling. Thus, most of 
the screen is available for your docu¬ 
ment, although it might be overlaid with 
a style or help box. 

One of the advantages of a good 
graphically oriented word processor is 
that it offers a realistic rendition of the 
typeface and page layout you will get on 
your dot-matrix or laser printer. Ami 


does an excellent job of this. Besides the 
working view that you see, it offers sev¬ 
eral other alternatives, from standard 
Windows presentation to a full-page 
view. Since a graphics view mode can 
take many machine cycles to paint the 
page, Ami also provides a draft mode 
that shows the unformatted version of 
your document. I found this useful when 
I wanted to move rapidly from one page 
to another, or when entering plain text 
for later formatting. Ami running on my 
386 was no slouch, so that’s the way I 
run it most of the time because I like 
WYSIWYG displays. 

As a Windows app, Ami blends well. I 
felt immediate familiarity with the more 
or less standard Windows commands. 
Thus, instead of discussing these com¬ 
mands (like Open or New, Set Up Printer 
or Print, and so forth), let me describe 
those germane to the word processor 
arena. These include obvious ones like 
reverting to throw out changes you’ve 
made and return to a previous version; 
importing a file (Ami supports WordPer¬ 
fect, Samna Word, Wordstar 2000, and 
ASCII and TIFF or PCX graphics docu- 
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ments); inserting page numbers and 
dates; text formatting (fonts, spacing, 
alignment, and special effects); style 
sheet management (create, modify, and 
save); page layout including headers/ 
footers, rulers, page numbering and 
breaks; graphic or text frames; tools for 
search and replace of both text and 
styles, spelling and dictionary manage¬ 
ment, and document management; and 
display preferences, defaults, and even a 
choice of language you want to use. All 
in all, it’s a well thought out set of 
menus, representing the versatility of this 
product. 

A few of the commands listed above 
really require a bit more explanation. 

Ami is clearly more than a word proces¬ 
sor because it offers the kind of docu¬ 
ment formatting associated with desktop 
publishing. First, the style sheets pro¬ 
vided are much easier to use than, say, 
those in Microsoft Word because the on¬ 
screen display includes an “example” 
box that shows you immediately what ef¬ 
fect your selection has. For example, you 
see the font, the text color, the alignment 
and indentation, the spacing and page 
breaks, and special effects like bullets 
and tabs. Plus, you can add lines that will 
be drawn above or below a selected para¬ 
graph. Also, for each style selected, you 
can specify whether or not hyphenation 

Second, the page layout includes mar¬ 
gins, tab settings, number of columns, 
gutter sizes, page size, portrait or land¬ 
scape orientation, and lines between col¬ 
umns or around pages. In the same pull¬ 
down menu you set up headers and foot¬ 
ers. When done, you can save the style 
sheet, including any contents (such as 
headers and footers, plus text to remain 
with the document) for repeated use with 
different documents. This is great for set¬ 
ting up memo formats and, in my case, 
examination forms. 

Third, Ami’s frames hold both graph¬ 
ics and text. Here you can import both 
PCX and TIFF images and either scale 
them to fit or customize the scaling. You 
can even move the scaled image within 
the frame if you don’t like its placement. 
You can specify the borders of a frame, 
treatment of overlapping frames, what to 
do with text that could wrap around a 
frame, and whether frames are treated as 
transparent or opaque. 

To use Ami, you will need a PC or 
compatible (preferably a 286- or 386- 
based machine) with an EGA, VGA, or 
Hercules graphics card; 640 Kbytes of 
memory; and both floppy and hard disk 
drives. 

Summing up. Ami integrates so well 
with Windows that some users will not 
need a user’s manual at all. Samna real¬ 


izes this and provides a “Read Me First 
(Really!)” for those who want to jump 
right in. The user’s manual provided is 
short, concise, and complete. Half of it 
teaches how to use Ami, and the other 
half serves as a reference guide. The 
manual has both a table of contents and 
an index. Additional manuals include a 
style sheet guide (discussing what a style 
sheet is and the numerous sample style 
sheets included with the package) and a 
guide to Windows (the package includes 
a run-time version of Windows). 

Ami is really a delightful product be¬ 
cause it is so full-featured and easy to 
use. The final results are impressive, and 
I find it hard to return to a plain vanilla 
word processor now that I’ve used Ami 
so productively. 

Ami has some missing pieces com¬ 
pared to more typical text-oriented word 
processors (such as macros, an undelete 
function, a thesaurus, footnotes and 
endnotes, table of contents generation, 
and text merge). The company plans to 
address all of these and much more in the 
soon to be released Ami Professional. 
Users get the option of the very func¬ 
tional and low priced version ($199), 
with the promise of a complete profes¬ 
sional version priced accordingly ($495). 
This sensible pricing based on a user’s 
needs, along with a meaningful upgrade 
path and upgrade discount, suggests that 
Ami should do very well. As for me, I 
highly recommend Ami as a logical way 
to get the power of a word processor 
combined with desktop publishing re¬ 
sults. Contact the company at 5600 Glen- 
ridge Dr., Atlanta, GA 30342, phone 


(404) 851-0007. — R. Eckhouse 

Reader Service 21 

Integrating plot files into 
Windows applications 

PlotView (from Ajida Technologies, 
613 Fourth St., Santa Rosa, CA 95404, 
phone (707) 545-7777) is billed by its 
creators as “an essential utility for plotter 
users,” and the $79 software package 
lives up to that claim. This Windows ap¬ 
plication accepts the output from a great 
many plotter packages in a form called 
Hewlett-Packard Graphics Language, or 
HPGL, and uses it to draw an on-screen 
image of what would normally be pro¬ 
duced by a plotter. 

What kinds of applications can benefit 
from this utility? Well, suppose one 
group was charged with creating a typi¬ 
cal set of engineering drawings, such as 
mechanical or electrical designs, and an¬ 
other larger group wanted to view the re¬ 
sults. If the first group sent all of its 
CAD output to a file rather than an ac¬ 
tual plotter, the second group could ac¬ 
cess the file, display it, and print it out 
locally on any Windows output device 
without having to know anything about 
the underlying CAD package. Not only 
would this save money by sidestepping 
the need for multiple copies of the ex¬ 
pensive CAD tool, but it means the view¬ 
ers wouldn’t have to learn how to use the 
CAD tool. They could even use the Win¬ 
dows clipboard to cut and paste any part 
of the original drawing into another Win- 



Ajida Technologies' PlotView uses output from plotter packages to draw an on¬ 
screen image. 
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dows application. 

Using the clipboard in this way is 
pretty impressive. Instead of having to 
depend solely on a paint program that 
runs under Windows, you can now im¬ 
port from any program that produces 
HPGL output. This includes slide mak¬ 
ing as well as CAD programs. 

PlotView features include 

• Scaling 

• Scrolling 

• Plot size selection (A-E and A0-A9) 

• Zooming in and out 

• Output to any Windows printer 

• Rotating 90 degrees 

• Emulation of five HP plotters 

• Unlimited input file size 

• Selectable pen colors and widths 

• Cutting and pasting 

I tried PlotView with output files from 
CADkey, Schema, and SlideWrite Plus. 
In each case PlotView rapidly processed 
the HPGL input and produced an accu¬ 
rate rendering of the normal plotted out¬ 
put. Cut and paste worked perfectly with 
other Windows apps, with the qualifica¬ 
tion that these must be bitmap formats. 
The Picture or metafile format option did 
not work, producing an error message in 
the clipboard regardless of the image 

Scaling, zooming, and rotating also 
worked well. Scrolling sometimes pro¬ 
duced a break in the image, as if it had 
been sheared in two and then incorrectly 
glued back together. However, when I 
scrolled the region off the screen and 
back, it was again correct. 

Output to both dot matrix and laser 
printers worked well, but was hampered 
by the slow speed of the Windows print 
spooler. Removing the spooler or direct¬ 
ing output to a file improved things con¬ 
siderably. Note that the fault lies with 
Microsoft’s implementation, not with 
PlotView. However, the “Print to Scale” 
never did work as expected, and a call to 
the vendor did not resolve the issue. 
Again, since printing is really not the 
way to use this utility, this problem is 
rather minor. 

PlotView is indeed an essential utility 
if you deal with HPGL files. Once you 
find you need it, you will wonder why it 
took you so long to discover how much 
versatility it adds. Thus it comes highly 
recommended. — R. Eckhouse 

Reader Service 22 


Another way to access 
Windows files 

Microsoft Windows has been criti¬ 
cized for not emulating the Macintosh 
desktop metaphor closely enough. In 


many ways this is true, especially in the 
lack of icons in the implementation. 
While the manipulation of windows, the 
use of pull-down menus, and the opera¬ 
tion of the mouse is similar in Windows, 
the user must resort to the keyboard 
more often than in the Mac environment. 

PubTech File Organizer version 2.03 
is a $145 shell that runs in Windows (it¬ 
self a shell). It allegedly addresses the 
absence in Windows of icons and various 
other Macintosh-like functions. Since it 
runs under Microsoft Windows 2.03 or 
higher, system requirements are at least 
an IBM AT, PS/2, or compatible with 
512 Kbytes of RAM, a floppy and a hard 
disk drive, and a mouse. PubTech comes 
from Publishing Technologies, 7719 
Wood Hollow Dr., #260, PO Box 
202170, Austin, TX 78720, phone (512) 
682-1700. 


PubTech departs from the 
Mac’s de facto interface 
standard. And that’s the 
real problem with the 
product. 


Installing PubTech is easy, but run¬ 
ning it is another matter. Even though I 
followed all the installation instructions, 
PubTech did not install as it was sup¬ 
posed to. In fact, one section in the man¬ 
ual (not a very good manual, at that) tells 
you how to run the program if the instal¬ 
lation doesn’t happen the way it should. I 
couldn’t help but wonder why they don’t 
simply fix the installation process to 
cover the eventualities described in the 
manual. 

When the program executes, it dis¬ 
plays a shell that converts file categories 
(identified by their extension) into icon 
types. You can even double click on a 
data file and invoke the application that 
uses it. This improvement really does 
bring the Windows interface closer to the 
Mac's desktop metaphor. Unfortunately, 
PubTech goes much further in its use of 
pull-down menus, options, etc., departing 
from the Mac’s de facto interface stan¬ 
dard. And that’s the real problem with 
the product. 

For anyone familiar with the Mac, 
Microsoft’s Windows and IBM’s Presen¬ 
tation Manager seem natural to use, even 
with all their inadequacies. Since PM is 
clearly the interface of the future, why 
would anyone want to learn a completely 
different interface like PubTech’s? 

Aside from the conceptual implica¬ 
tions of PubTech’s features, the product 


also has bugs. One minor flaw was 
quickly revealed when the option bar at 
the top of the screen was not always 
fully redrawn after I selected an option 
and moved the window. A more serious 
bug showed itself when I invoked a num¬ 
ber of applications and windows. The 
application running in one window over¬ 
flowed its window boundary and inter¬ 
fered with the contents of other windows 

— an interesting phenomenon that lasted 
only until I moved the cursor and locked 
up the machine. 

PubTech includes a bitmapped text 
processor operationally similar to 
MacWrite. I tested the product on a 10- 
MHz AT clone and found it very slow 
and not very useful, especially when I 
used oversized nonstandard characters 
(italics, underline, etc.). 

The developers of PubTech seem to 
have written the manual using Apple’s 
flawed philosophy. That is, the Mac’s 
ease of use means not much documenta¬ 
tion is required. The attractive PubTech 
manual contains eight tabbed sections, 
two tutorials, a glossary and an index, 
and no content. The company expects 
you to use PubTech to understand it. As I 
mentioned above, I can’t see any reason 
to do that. It’s better to wait for an im¬ 
proved version of Windows, or until you 
can afford the kind of machine required 
to run the Presentation Manager. 

— S. Reisman 

Reader Service 23 


Hypertext under Windows 

Most computer systems only support 
text files with a flat structure. Reading a 
document on line, for example, means 
moving through the document file. But 
since we often deviate from a linear 
reading, on-line documents can be cum¬ 
bersome to read. 

Hypertext attempts to resolve these 
problems by creating files with structure. 
Hypertext documents consist of linked 
windows and database objects. Some 
type of labelling represents the links. The 
nature of the linking gives a hypertext 
system its personality. (For an introduc¬ 
tion to and survey of hypertext, see Com¬ 
puter, September 1987, pp. 17-41.) 

The following reviews cover two hy¬ 
pertext products that run under Win¬ 
dows. One is a hypertext system, and the 
other is a hyperdrawing system. For both 
reviews I used Windows/286 on a Heath 
H-386, with a Mitsubishi Diamond Scan 
16 monitor, an ATI VGA Wonder video 
card, and a Mouse Systems PC Mouse. 
While neither product requires a mouse, 

I can’t imagine anyone using them with¬ 
out one. — F. Pappas 
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Guide, an impressive little Hyper¬ 
text system. Guide comes with a runtime 
version of Windows 2.03, but, as you’ll 
see below, you severely restrict the pro¬ 
gram’s capabilities if you don’t use a full 
version of Windows 2.03. In addition to 
Windows, Guide also requires a PC XT 
or AT with a hard disk having 625 
Kbytes of disk space. The basic package 
costs $275. A reader version costs $75 
for the first copy or $30 each for bulk 
purchases. Guidance, available for $500, 
allows you to embed Guide in other ap¬ 
plications. It requires the Windows de¬ 
velopment kit. These products, also 
available for the Mac, come from Owl 
International, 14218 NE 21st St., 
Bellevue, WA 98007, phone (206) 747- 
3203. 


Guide is an easy and fun to use hy¬ 
pertext system that provides you with the 
capability of preparing structured docu¬ 
ments. The links, represented as buttons, 
come in four flavors: Note, Expansion, 
Reference, and Command. 

When you write a hypertext document 
(called a guideline) in Guide, you can se¬ 
lect how the buttons will look or you can 
use the defaults. Text buttons can be in 
plain text or a combination of bold, 
italic, underline, superscript, subscript, 
or boxed. Buttons can also be graphics. 

When you place the cursor over a but¬ 
ton, a graphic superimposed on top of it 
lets you know that it is a button. The 
graphic depends on the button. 

When you position on a Note button, 
which by default is underlined, an aster¬ 


isk appears. If you hold down the mouse 
key, a window pops up and stays there 
until you release the mouse key. Note 
buttons let you look up meanings for the 
item you have clicked on. 

By default, an Expansion button is in 
bold. When you position on an Expan¬ 
sion button, an unfilled octagon with 
crosshairs is superimposed over the but¬ 
ton. If you click the mouse, the button is 
replaced with replacement text or graph¬ 
ics. When the cursor is over the replace¬ 
ment, it appears as an unfilled square. 
Clicking on the replacement removes it 
and brings back the Expansion button. 

A nice feature of Expansion buttons is 
that you have control over whether or not 
the button remains as part of the replace¬ 
ment. For example, if the button says 


Review notes 

An extra finger when you need it. 

The PC-Pedal is one of those good, 
simple ideas that often go unnoticed. 
Designed originally as a productivity 
tool to substitute as a key on the PC’s 
keyboard, this $61.45 device has an 
additional application as a remote key 
for triggering an awaiting computer to 
advance to the next operation. 

In principle the PC-Pedal operates 
as a pass-through over any parallel 
port. On the machines I tested it with, 
it does not affect the port or the key¬ 
board in any way. Once you have in¬ 
serted it in-line, you use a setup pro¬ 
gram to modify the numerous software 
utilities that come with the device so 
that they recognize the contact closure 
for that parallel port. These utilities 
make the pedal act as if the Shift, Con¬ 
trol, or Alternate key were pressed, 
and provide a delete and backspace 
function. Another program cancels any 
and all pedal programs without requir¬ 
ing a reboot of the system. For $20 
more, you can purchase an enhanced 
set of programs to duplicate any key 
(with some minor exceptions) or to 
give you the ability to dynamically set 
which key from within an application 
program. 

The ruggedly constructed PC-Pedal 
comes with a cord long enough to op¬ 
erate in most environments. Offered 
with a 30-day money-back guarantee, 
this device can prove most handy 
when you need an extra finger or a 
remote entry key. Contact Brown & 
Co., PO Box 2443, S. Hamilton, MA 
01982, phone (508) 468-7464. 

— R. Eckhouse 


A high-performance processor for 
the PDP-11. Some will be surprised to 
know that the old PDP-11 is still run¬ 
ning in many companies and doing a 
reasonably good job. But, certainly, it 
has its limitations (like the 64-Kbyte 
address barrier). 

The single-board Cheshire XP-11 is 
an add-in processor that resides in any 
available Q-bus or Unibus slot and ap¬ 
pears as a direct memory access pe¬ 
ripheral. Self-contained, it includes its 
own 16-MHz Intel 80386 CPU, mem¬ 
ory, cache, and optional floating-point 
accelerator (Intel or Weitek). It works 
with computers running either RT-11 
or TSX-Plus. It is produced by Chesh¬ 
ire Engineering, 650 Sierra Madre, 
Suite 201, Pasadena, CA 91107, phone 
(818) 351-5493. 

The board is compatible with most 
existing applications written in Fortran, 
C, and Pascal. In addition, it has 1 
Gbyte of unsegmented virtual address 
space, which practically eliminates the 
need for program overlays and ex¬ 
tended memory mapping. The com¬ 
pany claims the XP-11 provides 12 
times the floating-point performance of 
the LSI-11/73 equipped with the FPJ- 
11 Floating Point Accelerator. You get 
this improved performance without the 
need to modify existing data files, utili¬ 
ties, application programs, command 
files, operating procedures, user docu¬ 
mentation, hardware, or operating sys- 


The only requirements are to install 
the board and its device-handler soft¬ 
ware and to recompile Fortran, C, and 
Pascal application programs with the 
Cheshire compilers. No source code 
changes are required to prepare most 
programs for automatic loading and 
execution on the XP-11. 

The documentation, although good, 
could be improved. A version of the 
XP-11 is also available for Q-bus and 
Unibus VAX systems, compatible with 
VMS, Unix, and Ultrix. The price 
ranges between $11,900 (with 4 
Mbytes for Q-bus) and $18,700 (with 
12 Mbytes for Unibus). — M. Dediu 

An integrated Cobol development 
tool. Cobol/2 Workbench, an integrated 
development environment, provides a 
comprehensive set of productivity 
tools. It is produced by Micro Focus, 
2465 E. Bayshore Rd., Suite 400, Palo 
Alto, CA 94303, phone (415) 856- 
4161. 

The product includes the Micro Fo¬ 
cus Cobol/2 compiler with several pro¬ 
gramming tools, such as editor, syntax 
checker, animator, and analyzer, each 
of which you can access without leav¬ 
ing the central program. The compiler 
can be used on IBM PS/2, PC XT, and 
AT computers under OS/2, PC-DOS, or 
MS-DOS to create stand-alone or net¬ 
worked applications. 

The integrated debugging tool, called 
Animator, supports a variety of Cobol 
dialects, including the latest ANSI/85 
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“details about xxx,” you would probably 
want the button to disappear when it is 
selected, but if the button is a section 
heading and its replacement is the sec¬ 
tion text, you can leave the heading as 
part of the replacement. You can also 
create inquiries in which two or more 
Expansion buttons are grouped together 
so that, if you select one button, the oth¬ 
ers disappear as part of the replacement. 

Reference buttons by default appear in 
italics. When you position on a Refer¬ 
ence button, an unfilled arrow is super¬ 
imposed over the button. Clicking on the 
button takes you to another portion of the 
document, called the reference point, 
which can be in the same window as the 
Reference button or can cause another 
window to pop up. 


structured code. It is compatible with 
IBM Cobol/2 and IBM’s SAA stan¬ 
dard for Cobol, supports other Cobol 
syntaxes (such as Microsoft and Ryan- 
McFarland Cobol), and provides 
simple interfaces to other languages 
(such as assembler, C, Fortran, and 
Pascal). Advanced Animation presents 
the values of data items in windows 
whose sizes and positions are user- 
configurable. To see a program exe¬ 
cuting at the structure level, you can 
use the Structure Animator. 

Micro Focus Edit includes features 
such as default Cobol margins, copy 
library support, Forms screen printer, 
and source code generator. You can 
check syntax and animate programs at 
the touch of a key, returning to the edi¬ 
tor when ready to continue. The syntax 
checker not only verifies the Cobol 
program but also creates executable 
intermediate code. 

Analyzer creates execution statistics 
on the number of times each statement 
is executed. Xilerator provides full 
screen debugging of the executable 
image created by the compiler. This 
debugger operates on Cobol source 
code and machine code at the same 
time, enabling the programmer to con¬ 
currently trace their execution. 

Library collects program and data 
files into large single files to be ac¬ 
cessed by applications built using the 
runtime system. 

Cobol/2 Workbench needs at least 
640 Kbytes of RAM, a 10-Mbyte fixed 
disk, a monochrome monitor, and 


Each window has a backtrack icon just 
above the vertical scroll bar. When you 
click on a Reference button, the back¬ 
track icon of the resulting window is 
highlighted. Clicking on the icon returns 
you to the portion of the document that 
contains the Reference button that 
brought you to the current reference 
point. Guide keeps a chain of the last 32 
references, which is probably enough to 
keep you from getting lost in the docu¬ 
ment. What’s missing is a way to get 
back to an arbitrary point in the chain, or 
at least to get directly back to the first 
entry in the chain. 

Command buttons also appear in ital¬ 
ics by default. When you position on a 
Command button, a filled arrow is super¬ 
imposed over the button. Clicking on a 


DOS Version 3.0 or above. For testing 
you need at least 1.5 Mbytes of mem¬ 
ory. At $3,290, Cobol/2 Workbench 
provides a powerful development tool, 
useful for any Cobol programmer. 

— M. Dediu 

Powerful CASE. Software through 
Pictures is produced by Interactive De¬ 
velopment Environments (IDE), 595 
Market St., 12th floor, San Francisco, 
CA 94105, phone (415) 543-0900. It 
contains the following: structured 
analysis, structured analysis for real¬ 
time systems, structured design, user 
software engineering, and Picture. It is 
available for the Apollo series 3000 
and 4000, DEC VAXstation II, II/GPX, 
2000, and 3000 (VMS and Ultrix), HP 
9000 series 300, and Sun 2, 3,4, and 
386i workstations. 

Let me list the characteristics I found 
most important: 

• An open architecture. The file for¬ 
mats and database schema are pub¬ 
lished, the templates are user-exten¬ 
sible, and the configuration files are 
user-modifiable. 

• A multiuser RDBMS environment. 
It contains an extensible multiuser rela¬ 
tional DBMS and an object-oriented 
data dictionary. 

• Template-driven tools, such as gra¬ 
phical editors, an object annotation edi¬ 
tor, a document preparation system, 
and support for seven analysis and de¬ 
sign methodologies. 


Command button lets you start up Win¬ 
dows applications such as Draw, non- 
Windows applications, or even drivers 
for devices such as videodisk players at¬ 
tached to a serial port. You accomplish 
this using two interpreters provided with 
Guide. To use Command buttons, you 
must have the full Windows package. 
You can also create additional interpret¬ 
ers with Guidance. 

Guide has lots of other nice little 
touches that make the product easy to 
use, but are too numerous to mention. 
For example, it supports graphics im¬ 
ported through the clipboard, but only if 
you have the full Windows package. The 
pull-down menus are well thought out, 
and the help windows, implemented as 
guidelines, are very useful. 


• User-extensible applications, such 
as automatic documentation, require¬ 
ments traceability, Dod-Std-2167 sup¬ 
port, and data dictionary analysis. 

The Object Management Library 
helps you easily access the database. 
The integration with the native operat¬ 
ing environments is another plus. It 
uses native windowing systems, such 
as Apollo’s Dialog Manager, DEC’S 
Ultrix X Windows and VMS UIS, 

HP’s X Windows, and Sun’s SunView 
and X Windows. It also integrates with 
version control systems, such as 
Apollo’s DSEE III, Atherton’s 
Backplane, DEC’s CMS and SCCS, 
HP’s SCCS, and Sun’s NSE and 
SCCS. 

The Picture editor enables free¬ 
form and unrestricted drawing of com¬ 
mon symbols; decomposes the project 
to multiple levels; generates PIC, Post¬ 
Script, and Interleaf output; and stores 
diagrams in ASCII format. 

The code generation aspect of this 
product is really remarkable, even if I 
would like to see more programming 
languages supported. I can get Ada, C, 
and Pascal data declarations from data 
structures and entity relationship dia¬ 
grams. From structure charts you can 
get a program design language, and 
Ada, C, and Pascal code skeletons. 

The price of Software through Pic¬ 
tures ranges between $5,000 and 
$21,000 depending on the number of 
editors. This reliable CASE product 
would be useful for any software engi¬ 
neering team. — M. Dediu 
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The Reader version of Guide allows 
you to distribute Guide documents to 
others without letting them modify the 
documents. The Reader also comes with 
a runtime version of Windows. To really 
use Guide effectively, you will want the 
Reader. 

Guidance, which comes with a copy of 
Guide, lets you embed Guide documents 
in other applications. In particular, Guid¬ 
ance allows you to create very user 
friendly help menus within your applica¬ 
tion. If you are developing Windows ap¬ 
plications, you should really consider us¬ 
ing Guidance. 

If you want to create inexpensive hy¬ 
pertext documents. Guide will make it 
easy for you to do so. 

Reader Service 24 

Opus I, a hyperdrawing program. 

Opus is a hyperdrawing system that 
comes with a runtime version of Win¬ 
dows 2.03, but you need a full version of 
Windows 2.03 if you want to communi¬ 
cate with other Windows applications 
through the clipboard. In addition to 
Windows, it requires a PC XT or AT 
with a hard disk and 800 Kbytes of disk 
space. The package, which costs $395, is 
available from Roykore Software, 749 
Brunswick St., San Francisco, CA 
94112, phone (415) 333-7833. 

Opus is all right as a drawing program, 
but it doesn’t offer that much more than 
Paint, which comes with Windows. It of¬ 
fers considerably more as a hyperdraw¬ 
ing program, but I don’t think any but 
special audiences would find it useful. 

The hypertext connection here requires 
links through specialized records, called 
forms. A form can consist of text and 
graphics. Files created with Opus, called 
drawing files, contain records created as 
fill-in forms. You can view the records 
in form view, a record at a time, or in 
table view. A drawing file has a drawing 
associated with it. You can link objects 
created in a drawing with the records 
through forms. You can link drawing 
files together, through forms, to create a 
hypertext-like capability. 

For example, in the tutorial the draw¬ 
ing file contains information for a new 
housing development. The records con¬ 
tain sales information such as the street 
address, a sold indicator, the selling 
price, and the purchaser’s name. A form 
menu helps in the creation of the records. 
You can create alternative forms for a 
record structure and view the record us¬ 
ing the form. For example, a second form 
for the sales information might only con¬ 
tain the sold indicator and street address. 

The drawing view demonstrates 
Opus’s drawing capabilities. In the tuto¬ 
rial, the drawing contains the layout for 


the development. Each house in the de¬ 
velopment is represented in this view by 
a graphic symbol for a house. Each 
house symbol is linked to the corre¬ 
sponding sales information record 
through a form. By clicking on a house 
symbol and selecting the form view, you 
see the sales information for that house. 
Selecting the drawing view takes you 
back to the drawing. The drawing also 
contains a beach front and a swimming 
pool to give a complete picture of the 
development. 

Opus has some nice features. For ex¬ 
ample, numeric record fields can be cal¬ 
culated as in a spreadsheet. In addition. 


If you need a limited 
database program with 
graphics, then Opus 
might suit you. 


for the housing development you can se¬ 
lect for display only those forms whose 
sold field is false, so only the symbols 
for those houses appear in the drawing. 
You can also sort the records. 

The problem I have with Opus is its 
limited applicability in an engineering or 
computing environment. Moreover, I 
don’t think Opus is as friendly as it could 
be when moving from view to view. If 
Opus included the capabilities and 
friendliness of Guide, it would be an out¬ 
standing tool. 

If you need a limited database program 
with graphics, then Opus might suit you. 
But if you need a true hypertext program, 
get Guide. 

Reader Service 25 

Windows Software 
Development Kit 

Having read about all the applications 
that can run under Windows, you might 
want to consider Microsoft’s Software 
Development Kit. Version 2.0 of the 
SDK is a collection of utilities, libraries, 
debugging aids, manuals, and sample 
source programs designed to help the 
user write applications to run with Win¬ 
dows. Of course, you will need to be fa¬ 
miliar with the Windows interface and C. 

What the kit contains. The kit con¬ 
tains numerous disks and six manuals 
called Getting Started, Programmer's 


Learning Guide, Programmer's Refer¬ 
ence, Programming Tools, Application 
Style Guide, and Microsoft Windows Ex¬ 
tensions. The Programmer's Learning 
Guide is for experienced C programmers 
who want to write applications that use 
the Microsoft Windows 2.0 application 
program interface. The guide gives de¬ 
tailed explanations and shows how to use 
Windows functions, messages, and data 
structures to carry out tasks common to 
all Windows applications. It also con¬ 
tains many useful sample applications. 

The Programmer’s Reference de¬ 
scribes the applications programming 
interface of the Microsoft Windows Pres¬ 
entation Manager. This API contains the 
functions, messages, data structures, data 
types, and files that application develop¬ 
ers use to create programs that run with 
Windows. The API can help you create 
Windows applications that are portable 
across a variety of computers. A number 
of useful features found in the API in¬ 
clude shared display, memory, keyboard, 
mouse and system timer, data inter¬ 
change with other applications, device¬ 
independent graphics, multitasking, and 
dynamic linking. 

There are three groups of related 
Microsoft Windows functions: the win¬ 
dow manager interface, graphics device 
interface, and system service interface. 
The window manager interface contains 
the functions that process messages; cre¬ 
ate, move, or alter a window; or create 
system output. The graphics device inter¬ 
face contains the functions that perform 
device-independent graphic operations 
within a Windows application, including 
creating a wide variety of line, text, and 
bitmap output on many output devices. 
The system services interface contains 
the functions that access code and data in 
modules, allocate and manage both local 
and global memory, manage tasks, load 
program resources, translate strings from 
one character set to another, alter the 
Windows initialization file, assist in sys¬ 
tem debugging, carry out communica¬ 
tions through the system’s I/O ports, cre¬ 
ate and open files, and create sounds us¬ 
ing the system’s sound generator. 

Programming Tools includes debug¬ 
ging programs and programs useful for 
creating icons, fonts, and dialog boxes. 
The Application Style Guide is useful for 
the standardization of Windows applica¬ 
tions. The idea is to provide a common 
user interface for all Windows applica¬ 
tions. The advantage is that the programs 
written following these guidelines can 
easily be integrated with other Windows 
programs. 

Microsoft Windows Extensions de¬ 
scribes the purpose of tagged image file 
format files, shows how each field 
works, and tells how to develop applica- 
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tions that read and write TIFF files so as 
to be compatible with the rest of the soft¬ 
ware industry. It also discusses the dy¬ 
namic data exchange protocol, which al¬ 
lows information exchange between ap¬ 
plications and the interfaces for standard 
application support. 

Installation is simple. The system re¬ 
quirements are an IBM PC XT, AT, or 
compatible, 640 Kbytes of memory, a 
hard disk drive, a graphics monitor with 
a graphics adapter card, MS-DOS ver¬ 
sion 3.0 or higher, Microsoft Windows 
version 2.03 or higher, and Microsoft C 
Compiler (or Pascal or Macro Assem¬ 
bler) version 4.0 or higher. For the sym¬ 
bolic debugger you need a terminal or a 
secondary monitor connected to the sys¬ 
tem. A mouse is also recommended. 

At $500 the price of the SDK is a good 
bargain given the complexity of the 
product. If you already know Windows 
and C and are ready for some long hours 
of study and practice, then SDK will give 
you the satisfaction of developing useful 
applications. Contact Microsoft at 16011 
NE 36th Way, Box 97017, Redmond, 

WA 98073 or 97171, phone (206) 454- 
2030. —M. Dediu 

Reader Service 26 

Economical scanner and 
fax system 

Image scanning fits in nicely with the 
graphical interface offered by Microsoft 
Windows. In fact, a number of Windows 
programs support such a device and 
make it economically feasible to import 
images directly rather than having to use 
a CAD or paint program as a drawing 
tool. 

This review deals with the Chinon DS- 
3000 not only as an image scanning de¬ 
vice but also as a full-featured input de¬ 
vice for PC-based facsimile. At a price 
of just under $1,000, you get not only the 
scanner, but a fax board and complete 
software to transmit and receive standard 
images. The scanner comes from Chinon 
America, 660 Maple Ave„ Torrance, CA 
90503, phone (213) 533-0274. 

The hardware and documentation. 

The base price for the Chinon DS-3000 
overhead scanner is $745. The desktop 
unit is lightweight (6 pounds) and com¬ 
pact (its base is slightly more that 12 x 
13 and it stands another 13 inches high). 
Unlike some other scanners in its class, it 
uses ambient light to scan an image 
placed on its base. Special tile markers 
define the scanning area if less than the 
full letter-sized object area. 

Parallel and serial interfaces are built 
in to the scanner. In serial mode, baud 


rates are 2,400, 4,800, 9,600, and 19,200 
bits per second with seven resolutions 
from 75 to 300 dots per inch. Conven¬ 
iently located DIP switches set these op¬ 
tions along with other device characteris¬ 
tics. Power to the unit is provided by an 
external transformer, and a serial cable 
comes with the fax package, called Scan- 
fax. 

To support fax transmission, a short- 
length board fits in any slot of a PC or 
compatible. DIP switch settings on the 
board determine the hardware I/O ad¬ 
dress. Two RJ-11 jacks provide for con¬ 
nection to telephone lines. The package 
includes complete software and docu- 


If you think fax is 
complex, think again. 
With Scanfax software, 
it’s a breeze. 


mentation for the Scanfax as well as the 
DS-3000 scanner. While you need only 
copy a few files to use the software utili¬ 
ties that come with the DS-3000, setting 
up the Scanfax hardware requires an in¬ 
stall program. 

A number of manuals come with this 
package. Included with the DS-3000 are 
a user’s manual, a software utilities man¬ 
ual, and a technical reference manual. 
The technical reference is unusually 
complete, down to the level of the com¬ 
munications protocols, commands, and 
data compression and transmission. The 
thick Scanfax Operations Manual goes 
through all the details of how to use the 
software and hardware for fax transmis¬ 
sion and reception. 

Using the scanner. Operation of the 
scanner is very straightforward. Upon 
power up the scanner optics audibly po¬ 
sitions itself and the power and scan 
LEDs turn from flashing to solidly on, 
indicating the unit is ready to go. Calling 
up the utility program allows you to see 
the scanner type (choosing between the 
DS-2000 or DS-3000), the interface 
(COM1 or COM2 at either 9.6 or 19.2 
Kbits per second), the file type (PCX, 
IMG, and both normal and compressed 
TIFF) and name, the area to be scanned 
(full page or delimited area), the mode 
(character or graphic image), normal or 
reversed image, and whether you want to 
preview the image as it is scanned. 

At 300 dpi, a full image can take sev¬ 
eral minutes to scan and result in 
enormous files (over a megabyte). How¬ 


ever, you can specify the area selected by 
using the tile markers or by numerically 
specifying the top, left, bottom, and right 
limits. You could also choose to scan at a 
lower resolution. Either way, the image 
is saved to disk. The image can then be 
easily imported into Windows applica¬ 
tions. Alternatively, these applications 
can provide their own scanner control 
and avoid using the Chinon software. 

Scanfax software. The menu-driven 
Scanfax software offers six choices from 
the main menu, including configuration 
control, fax identification, printer defini¬ 
tion, scanner definition, telephone ad¬ 
dresses, and fax options. 

The configuration menu defines the 
I/O address of the fax board, a 20- 
character identification sequence, the 
printer type and connection, assigned 
group names to send documents to more 
than one person, and fax resolution and 
font type. 

Printer definition lets you specify the 
type of printer, selecting model types for 
specific printer manufacturers. Interest¬ 
ingly, the scanner definition implies that 
the software was set up to work with 
other manufacturers’ scanners in addition 
to Chinon. A telephone directory is set 
up under the Assign Group Names menu 
item, with up to five call groups. 

The most involved menu is the fax op¬ 
tions list because it specifies the trans¬ 
mit/receive, telephone, and PC setup 
items to successfully pass fax messages 
among the scanner, the computer, and 
the outside world. However, while it 
takes some time to set up these items, 
you will find each easy to do with the as¬ 
sistance of the very thorough manual. 
Also, once done, normally you need not 
change them. In my case it only took a 
little while to do all of this. After doing 
so, I successfully transmitted several 
faxes. 

The fax software automatically takes 
over when called up. It can transmit a 
single document or a succession of docu¬ 
ments, either scanning them on-line or 
taking prestored images. It logs the calls 
it makes as well as the faxes sent and re¬ 
ceived, automatically selects the best 
transmit/receive speeds, and retries when 
the called line is busy. So, if you think 
fax is complex, think again. With this 
software, it’s a breeze. At the combined 
price with the scanner, it’s a real bargain. 

Scanning images. You will normally 
scan two types of images. Character 
mode input takes the form of either text 
or two-color line drawings (nominally 
black and white). Graphic image mode, 
with input such as photographs, requires 
representation of gray tones. While it 
does not support gray tones, the DS-3000 
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simulates it using dithering. In both 
modes the results are impressive, but 
don’t expect this device to produce im¬ 
ages equivalent to what you might see in 
a newspaper. Also, as with any scanner 
you need to be careful about page align¬ 
ment, otherwise a straight line on the 
original will look rather jagged viewed at 
the pixel level. 

About the only adjustment you need to 
make with the DS-3000 is to set the con¬ 
trast level. I found that once I had set the 
contrast, I tended not to adjust it again 
unless the ambient light changed dra¬ 
matically. The scanner adjusts to most 
changes through the automatic brightness 


setting. 

I scanned in both photographs and line 
images. When placed within Ami frames 
(see the Ami review above), the resulting 
images were excellent. In fact, I used the 
scanner to capture our company letter¬ 
head and was able to use it (again in 
Ami) as the contents of a style sheet so 
that it was no longer necessary to load 
letterhead stationery in my laser printer 
for standard business communications. 

Summing up. The Chinon DS-3000 is 
a winner. Economically priced, this de¬ 
vice provides excellent results in both 
character and graphics modes. The fax 


Personal productivity tools 


The idea of using a personal computer 
as a productivity tool is nothing new. 
However, we’ve had a chance to look at 
a number of new packages, and we offer 
the following reviews by John Bums and 
Terry Traub. — R. Eckhouse 

Who What When 

Who What When (version 1.07) is mi¬ 
crocomputer-based software for the man¬ 
agement of people, projects, and time. It 
is available from Chronos Software, 555 
DeHaro, Suite 240, San Francisco, CA 
94107, phone (415) 626-4244. The soft¬ 
ware operates on any computer that runs 
MS-DOS and supports ANSI.SYS. It re¬ 
quires 512 Kbytes of RAM and DOS 2.1 
or higher. The company recommends a 
hard disk and 640 Kbytes. I ran the pro¬ 
gram off a high-density floppy on a 10- 
MHz AT-compatible at acceptable per¬ 
formance levels. 

The $189.95 program comes with a 
96-page user’s manual and an 8.5 xll x 
1.5-inch-wide three-ring binder to hold 
reports and any notes you make while 
away from your computer. The book 
comes with well designed forms for 
tabulating your who, what, and when in¬ 
formation. 

The software allows you to maintain 
interrelated databases of information 
about people and events, including 
schedule details. The main menu in¬ 
cludes 12 choices: three each for “Who,” 
“What,” and “When” functions, and an 
“Etc.” category for setting defaults, cre¬ 
ating reports, and running a tutorial. The 
program relies heavily on cross-referenc¬ 
ing between people and projects. 

User interface. After you establish the 
default settings, each time the program 
starts, it brings you directly to the daily 
calendar, which displays a list of activi¬ 


ties. Each activity includes a time; prior¬ 
ity; reference to person, resource, or 
project associated with the activity; and a 
short description. Priority A and B items 
are brought forward from the previous 
day, and priority C items are dropped. At 
any location requiring a cross reference, 
you can enter a “?” to view a list of pos¬ 
sible choices or, in many cases, add a 
new item as necessary. From here you 
can update the daily calendar by adding, 
deleting, or marking complete appoint¬ 
ments; moving items; changing to-do pri¬ 
orities; or writing memos. You can also 
go back to the main menu and choose 
other options for maintenance of people 
or project database items. 

The fields of information seemed 
fairly straightforward. Function keys ad¬ 
dress the possible choices. Some of the 
fields are rather short, and the program 
uses a “short name” format to identify 
people and projects. I can understand the 
reason for this from a programming point 
of view, but it is not necessarily a con¬ 
venient way to display information from 
a user’s perspective. With an abbreviated 
name you might type an incorrect short 
name for a person or project. If you enter 
an incorrect short name, the program 
should prompt you with approximate en¬ 
tries, then request confirmation to add an 

The program often requires you to 
cross-reference a new piece of informa¬ 
tion to a person, resource, or project. Al¬ 
though sometimes annoying, this pre¬ 
vents loose pieces of information. The 
card file doesn’t allow you to search for 
an entry by some indexed fields; how¬ 
ever, upon prompting the program will 
provide a list of possible choices that ex¬ 
ist within your database. You can output 
names and addresses to an ASCII file for 
merging with a word processing file to 
create form letters or for exporting to 
other programs. 


option is a nice addition, providing flexi¬ 
bility not found when you purchase a 
dedicated fax machine. For those not 
wishing the fax option, you can get spe¬ 
cially priced packages for graphics (in¬ 
cludes PC Paintbrush Plus) at $795, 
desktop publishing (includes Publish It!, 
rated very highly in a review in the Octo¬ 
ber 1988 Computer, pages 66-67) at 
$895, and optical character recognition 
(using ReadRight) for $995. No matter 
which one you purchase, you will be 
pleased with the results from the DS- 
3000. I rate it top notch. — R. Eckhouse 
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Reports. Who What When provides 
12 different reports to print to either a 
printer or a file. The program supports 
any 80-column printer; this becomes un¬ 
fortunately apparent in the reports gener¬ 
ated. The reports, especially graphical 
representations of schedules, could cer¬ 
tainly benefit from a more graphically 
oriented printout. I use a Hewlett-Pack¬ 
ard Laserjet Series II heavily, and I cer¬ 
tainly appreciate any software that takes 
advantage of my hardware’s full capabil¬ 
ity. 

Summing up. In general this non¬ 
copy-protected program is well designed 
and implemented and can be a useful tool 
for managing one’s time. However, I 
think it has two main drawbacks as it 
stands. First, to effectively integrate your 
schedules with those of your colleagues, 
each of you must maintain your schedule 
on the system. Hence, the software 
would be most effective in a work group 
environment on a local area network. 
Second, you do not have up-to-date ac¬ 
cess while out of the office. I originally 
anticipated that using a notebook with 
reports and blank informational forms 
would be a viable solution to this prob¬ 
lem. However, in practice it is difficult 
to justify entering the information twice: 
once in a notebook, then back at the of¬ 
fice into Who What When. I still find it 
convenient to use my old-fashioned 
pocket calendar and to-do list. 

— J. Burns 

Reader Service 28 

The Maximizer 

The Maximizer Sales Support System 
is a menu-driven sales and personal man¬ 
agement system designed to help a sales¬ 
person keep track of clients, financial 
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records, and schedules. Written in C, it 
features database functions created with 
the BTrieve library and a smooth win¬ 
dowing environment created with the C- 
Worthy Interface library. It is available 
from Pinetree Software, 9th Floor, 8100 
Granville Ave., Richmond, BC, V6Y 
3T6 Canada, phone (604) 270-3311. 

Installation. Installation of The Maxi¬ 
mizer is simple enough. You put the first 
disk in floppy drive A: and run the install 
program, which assumes you wish to in¬ 
stall The Maximizer on your C: drive. 
Installation was smooth except for some 
annoying quirks. For example, the pro¬ 
gram refused to let me install from 
floppy drive B:, a pointless limitation. It 
will add the statement “FILES=99” to 
the config.sys file, which may or may 
not be a good thing. This allows up to 99 
files to be open at once, which may be 
necessary with The Maximizer but is far 
above the normally recommended setting 
of 20 to 30 files. For some reason, the 
setting of FILES=99 caused the memory 
management utilities Mark and Release 
not to function properly, and it was quite 
some time before I was able to deduce 
the cause. You should use this setting 
with caution. I changed the setting back 
to a more conservative FILES=30 and 
had no problem operating the program to 
do this review. 

Operation. Operation of The Maxi¬ 
mizer is smooth. You simply type MXZ 
from the command line to run the pro¬ 
gram, then choose from a list of options 
on the main menu. The tasks The Maxi¬ 
mizer performs are divided into seven 
general categories: client lists; phone 
numbers; a daily schedule; a database of 
letters; a payment calculator; personal 
records including diary, expenses, day- 
at-a-glance, and accounts; and a utilities 
menu for maintaining The Maximizer’s 
database and changing the settings. 

The appointment calendar displays en¬ 
tire months at a time so that you can flip 
from month to month or zoom in on a 
particular day (today is highlighted). 

When you zoom in, you will see an 
hourly schedule, but you are not con¬ 
fined to hourly items; you can insert any 
time you wish. Strangely, after editing a 
line of the schedule, pressing Enter does 
not save the line; you must press a func¬ 
tion key to save and exit. I found the cal¬ 
endar to be an attractive, easy-to-use fea¬ 
ture, if a bit slower than an old-fashioned 
pocket calendar. 

You can only enter one line of text in 
the appointment calendar, but you can 
enter several pages (about 8,000 charac¬ 
ters) in the diary. Your diary entries are 
listed by date and the first few words, so 
you can easily find and edit old entries. I 


had one problem, figuring out how to 
print a diary entry. The pop-up help win¬ 
dow did not indicate the command to do 
this, but it turned out to be F2, same as 
for writing letters. 

The Maximizer allows you to keep let¬ 
ters on file for easy reference. To add a 
letter, you simply enter a description and 
then start typing. The editor is simple but 
usable. It supports standard editing keys, 
and anyone used to one of the major PC 
word processors, such as Word, 
WordPerfect, PFS:Write, or WordStar, 
will feel quite comfortable. You can send 
your letters to a subset of your clients in 
the client list by creating a “Selection 
List,” a separate list keyed to the client 
database. 

Using selection lists, you can send 
multiple mailings to the same group of 
people — a useful feature for marketing, 
sales, and subscription maintenance. You 
can also use these lists for telemarketing; 
The Maximizer will dial the phone num¬ 
bers for you if you have a modem. It will 
also print labels and envelopes. 

My main complaint with the letter file 
was the lack of a provision for using 
other word processors. You can import 
files from other word processors after 
converting them into plain ASCII format, 
but only at the cost of losing all printer 
formatting. A press release that came 
with the package suggests that The 
Maximizer can import and export data 
“to popular word processing programs 
such as WordPerfect, and take advantage 
of those programs’ powerful editing and 
text formatting features.” However, I 
found no such facility in either the docu¬ 
mentation or the software itself. 

I tested the client database functions 
by importing a database of 1,100 names 
and addresses from my company’s dBase 
III Plus database. This was the most dis¬ 
appointing part of The Maximizer. I had 
difficulty importing the addresses and, 
once I succeeded, the program slowed to 
a crawl. I had to first create a comma-de¬ 
limited ASCII file using dBase with the 
fields in the exact order to match The 
Maximizer’s rigidly designed database 
fields. Because of the difficulty in 
matching up database fields, I goofed a 
couple of times and had to abort the im¬ 
porting procedure. 

Unfortunately, The Maximizer re¬ 
tained the records I had imported, so I 
had to go back and mark each one for de¬ 
letion, then delete them (there’s no way 
to mark all of them at once). After I fi¬ 
nally got the names and addresses trans¬ 
ferred, I found to my dismay that the key 
field was not the last name, as I had ex¬ 
pected, but the full name. 

Another problem was that the client 
database was unacceptably slow to oper¬ 
ate once I had loaded it down with so 


many names. It worked for 10 or 15 sec¬ 
onds every time I looked for a name. 
However, if you have only a small num¬ 
ber of names to track, you will find the 
client database function very useful. You 
can attach key dates, contact names, and 
unstructured text to any name, which 
adds greatly to the flexibility of the data¬ 
base. In addition, entering names and ad¬ 
dresses by hand was quite painless. 

The user interface is very nice. Users 
of Novell Netware will recognize the ex¬ 
ploding windows, edit boxes, and pop-up 
help windows characteristic of C-Wor- 
thy-based products. An exception to the 
smooth operation of this program is the 
way data entry is implemented. The data 
entry forms have the annoying feature of 
popping up “choice boxes” at unexpected 
moments. Normally you press the up and 
down arrow keys to navigate a data entry 
form, but beware — your cursor may 
suddenly get snared by a pop-up menu. 
You must then press Enter to move on. I 
often found myself setting the wrong op¬ 
tions by mistake because of this feature 
until I got used to it. 

The manual, although readable, was 
not as comprehensive as it could have 
been. The writer apparently assumed that 
most users of The Maximizer are experi¬ 
enced enough to understand all about 
printer control and modem initialization 
codes. For example, to print envelopes, 
you must enter your own printer’s codes 
manually, an intimidating and time-con¬ 
suming task. Built-in support for some of 
the more common printers would be a 
welcome improvement. At the very least, 
a more detailed explanation should be 
provided in the manual. 

Summing up. My feelings about The 
Maximizer are somewhat mixed. Al¬ 
though it is feature-rich and easy to oper¬ 
ate, The Maximizer’s rigid design forces 
you to adhere to its method of how to or¬ 
ganize your thoughts. Some people will 
want to spend all day in The Maximizer, 
having instant access to clients, phone 
numbers, and personal records. Others 
will be turned off by the frustrating 
quirks and limitations in the user inter¬ 
face. It was difficult to import an exist¬ 
ing database into The Maximizer, and its 
letter writing and printing capabilities 
leave something to be desired. People 
looking for a simple, straightforward per¬ 
sonal information management system 
that does most of what they need will 
find some value in The Maximizer, but 
those who would like software that func¬ 
tions the way they think would be better 
advised to look elsewhere than this $195 
package. — T. Traub 
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NEW PRODUCTS 


Intel offers debugger for new i486 chip 


Intel has announced that its ICD-486 
debugger for the company’s new i486 
chip will work as a stand-alone tool for 
prototype development or in conjunc¬ 
tion with a separate logic analyzer for 
in-circuit emulation. 

The 25-MHz version, scheduled for 


availability in October, will cost $9,500. 

A migration kit including the 
25-MHz ICD-486 and a guaranteed 
upgrade to 33 MHz will also be avail¬ 
able in October for $13,500. 
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VME-based workgroup computer joins Delta Series 


Motorola has added the Model 3200 
workgroup computer to its Delta Series 
3000 family of 68030-based computers. 
The multiuser Unix system comes in a 
desktop frame with a three-slot VME 
cardcage. The Model 3200 is compatible 
with Delta Series hardware options and 
has two available expansion slots. 

The new computer comes with 4-12 
RS-232-C asynchronous ports; 48-, 

104-, or 172-Mbyte SCSI Winchester 
disk drives; 3.5- or 5.25-inch streaming 
tape drives; and diagnostics. 

The Model 3200 comes in two ver¬ 
sions. The version based on a 16-MHz 
68030 features a 68881 floating-point 


coprocessor, 4 Mbytes of memory, four 
serial ports, one parallel printer port, a 
3.5-inch 48-Mbyte SCSI Winchester 
disk drive, and a 3.5-inch 155-Mbyte 
streaming tape drive for $7,495. It costs 
$8,995 with a 104-Mbyte Winchester 
drive. The version based on a 25-MHz 
68030 features a 68882 floating-point 
coprocessor, 4 Mbytes of memory, an 
Ethernet interface, four serial ports, 
one parallel printer port, an external 
SCSI adapter, a 3.5-inch Winchester 
drive, and a 3.5-inch 155-Mbyte stream¬ 
ing tape drive for $10,995. 
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Language targets parallel 
and distributed processing 

Strand Software Technologies, a divi¬ 
sion of Artificial Intelligence Ltd., now 
markets its general-purpose program¬ 
ming language for parallel and dis¬ 
tributed processing in the US. Strand88 
code is implicitly parallel, according to 
the company, and software can be 
embedded in a Strand88 program to 
extract latent parallelism. This report¬ 
edly provides a migration path for large 
sequential applications to move to a 
parallel processing environment. 

The company claims that Strand88 is 
the first commercial implementation of 
the Strand language, developed in the 
UK. It includes a development environ¬ 
ment for the programmer. Strand88 is 
currently available on Sun-3 and Sun-4 
workstations, all configurations of Intel 
iPSC/2, and System V Unix/80386 
systems. 

A single license fee starts at $3,000 
for PC plug-in transputer boards, with 
a $500 annual maintenance charge, and 
ranges up to $20,000 for distributed 
memory supercomputers, with a $3,000 
annual maintenance charge. Charges to 
educational customers consist of a 
$3,500 site license and a $170 or $250 
media charge. Runtime copies cost $150 
per copy. 
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Motorola’s 68030-based Model 3200 workgroup computer joins the VMEbus-based 
Delta 3000 Series. 


Color display to highlight 
Sharp portable 

Sharp Electronics has announced a 
portable computer with a 14-inch VGA 
color LCD and resolution of 640 x 480 
dots per inch. The PC-8000 portable 
incorporates a 20-MHz 80386-based 
processor and a 40-Mbyte hard disk 
drive with a 20-ms access time, accord¬ 
ing to the company. It also includes a 
3.5-inch 1.44-Mbyte floppy disk drive, 

2 Mbytes of standard RAM expandable 
to 8 Mbytes, analog and digital CRT 
ports, a mouse port, and an external 
keyboard port. Delivery is scheduled 
for the end of the year. 
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NoteCards handle massive 
hypertext data 

Envos NoteCards software was devel¬ 
oped at Xerox’ Palo Alto Research 
Center and is sold by Envos Corp., an 
employee-owned spin-off from Xerox. 
NoteCards reportedly facilitates the 
organization and manipulation of large 
amounts of textual data. The Envos 
NoteCards/Medley Development Sys¬ 
tem allows customization of the soft¬ 
ware to specific applications. Both 
versions run on Sun-3 and Sun-4 work¬ 
stations. 

NoteCards allows users to create 
cards of text and graphics documents of 
almost any length and content. Users 
can capture and arrange the informa¬ 
tion in the cards and the links between 
cards in an ongoing fashion, according 
to the company. The links connecting 
the cards are associated with the con¬ 
tents. They are also bidirectional. 

The standard NoteCards package 
costs $1,495. 

Medley is a Lisp development envi¬ 
ronment that allows programmers to 
create new kinds of notecards and inter¬ 
faces between NoteCards and other 
applications or external databases. It 
costs $10,995. 
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Disk cache software boosts 
BIOS performance 

Award Software has announced its 
Gold Line of Modular BIOS products 
with a ROMed disk caching software 
extension. The new line targets OEMs 
and system integrators who use ROM 
technology. It was developed from the 
company’s 286 and 386 BIOS products. 

According to the company, the Gold 
Line BIOS ROMed disk caching loads 
from ROM and automatically installs 
itself as unused high shadow RAM or 
normal DOS RAM when shadow RAM 
is unavailable. Users install ROMed 
disk cache using an Award BIOS-like 
setup menu. 

The Gold Line also features an 
optional statistics screen that shows 
drive operation counts to the disk cach¬ 
ing extension and real disk access. It 
will support cache RAM in any combi¬ 
nation of EMS, AT-extended, or nor¬ 
mal RAM and up to 31 Mbytes of cache 
RAM. 
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Communications program works with OS/2 


Hilgraeve has announced the Hyper- 
Access/5 communications program for 
OS/2. A matching program works with 
DOS. Both versions come on one disk. 

The program runs in protected mode 
and in Presentation Manager windows 
and supports multiple communication 
sessions, background operation, child 
processes, and detached operation, 
according to the company. The user 
interface employs sliding windows with 
point and shoot selection of options. 

The program emulates a variety of 


terminals, has 10 file-transfer protocols, 
and supports complete redefinition of 
the keyboard. 

The unattended host reportedly sup¬ 
ports hundreds of users with different 
passwords and individual access 
privileges. The remote user can transfer 
files and control the operation of the 
host machine. 

HyperAccess/5 contains both 5.25- 
and 3.5-inch formats. It costs $199. 
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Maintenance provider CSR offers PC line 


Computer Systems Research, a 
microcomputer maintenance provider, 
has announced a line of IBM- 
compatible 80286- and 80386-based 
computers. 

According to the company, the new 
systems feature track-buffer technol¬ 
ogy, VGA controllers not embedded in 
the motherboard, choice of BIOS, high- 


resolution VGA monitors, and two-year 
warranties. 

The company also will customize sys¬ 
tems to fit a user’s needs and budget. 

The 286-based systems range in price 
from $2,099 and the 386-based systems, 
from $4,099 to $8,899. 
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DEC tops MicroVAX line with new models 


Digital Equipment has topped its 
MicroVAX line with the 3800 and 3900 
systems, which replace the MicroVAX 
3500 and 3600 systems. 

The MicroVAX 3800 incorporates the 
60-ns CVAX processor chip, the DSSI 
storage I/O bus, and the RF71 
400-Mbyte integrated storage element. 

It has a total storage capacity of up to 
2.4 Gbytes. It can be used in a dual-host 
configuration. 

A typical configuration for the 3800 
costs $81,000 and includes 16 Mbytes of 
memory, a 400-Mbyte RF71 ISE and 
DSSI adapter, a TK70 streaming-tape 
drive and controller, a DESQA DEC- 
net/Ethernet adapter, and operating 
system. 

The MicroVAX 3900 uses the 60-ns 
CVAX processor chip and up to eight 
RA90 storage disks for a total capacity 
of 9.7 Gbytes. The maximum memory 
capacity is 64 Mbytes. 

A typical 3900 configuration costs 
$120,200 and includes 32 Mbytes of 
memory, a 1.2-Gbyte RA90 disk and 
controller, a TK70 streaming-tape drive 
and controller, a DESQA DEC- 
net/Ethernet adapter, and an operating 
system. 


Both systems are also available as 
VAXservers. 


3800: Reader Service 38 
3900: Reader Service 39 
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Stellar creates new line of graphics and departmental computers 


Stellar Computer says that its new 
2000 Series Graphics and Departmental 
Supercomputers double the perfor¬ 
mance of its previous systems, the 1000 
Series. According to the company, the 
new machines sustain up to 35 MIPS 
and offer a peak performance of up to 
100 Mflops. 

The GS2000 Series Graphics Super¬ 
computers feature a dual-display, dual¬ 
user capability. When configured with 
two graphics displays, the GS2000 lets 
two users work simultaneously on sepa¬ 
rate applications or on the same appli¬ 
cation. The systems can also be 
configured with one graphics display 
and one video monitor for simultaneous 
independent NTSC or PAL output. 
GS2000 computers will include the 


Application Visualization System, an 
end-user tool that reportedly permits 
interactive visualization of scientific 
and engineering data without graphics 
programming. A VS is built on 
PHIGS + and the X Window System. 

The DS2000 Series Departmental 
Supercomputers target applications that 
do not require integrated, interactive 
graphics. They come with a variety of 
interface options. 

All GS2000 and DS2000 systems 
include 16-128 Mbytes of main mem¬ 
ory, expandable to 256 Mbytes on DS 
models; 1-4 Mbytes of cache memory, 
380 Mbytes to 3 Gbytes of disk storage; 
2-4 VME I/O channels; 4-8 serial ports; 
0.25-inch cartridge tape; the Stellix 
operating system; Ethernet; and the 


Stellar X Window system. All GS sys¬ 
tems come with a 19-inch 1,280 x 1,024 
color monitor, 16-34 planes frame 
buffer, keyboard, mouse, and AVS. All 
DS systems include an RS-232-based 
system console and keyboard. 

A GS2000 (20-25 MIPS, 80 Mflops 
peak) with 16 Mbytes of memory, 1 
Mbyte of cache memory, and a 
380-Mbyte hard disk costs $125,000. A 
corresponding DS2000 costs $113,000. 
DS2500 (35 MIPS, 100 Mflops peak) 
prices begin at $128,000, while GS2500 
systems begin at $140,000. The GS2200 
is the same as the GS2000 with the dual¬ 
user option installed. It costs $140,000. 

Graphics: Reader Service 40 
Departmental: Reader Service 41 


Three models added to Sicomp M minis 


Siemens AG has added three models 
to its Sicomp M line of minicomputers, 
which is not available in the US. The 
new models reportedly work at as much 
as 60-percent higher frequency than 
their predecessors because they use the 
new Siemens ZE052 CPU. Main mem¬ 
ory for all models is expandable to 8 
Mbytes. 

The new M26 is now the high-end 
desktop unit, with a bus data transfer 
rate of 8 Mbytes/s and four free I/O 


Mitsubishi Electronics America’s 
Information Systems Division has 
announced the MP386s, a desktop sys¬ 
tem based on the Intel 386SX 



Mitsubishi’s MP386s PC incorporates a 
16-MHz 386SX microprocessor. 


slots. The new M56 midrange system 
has a bus data transfer rate of 16 
Mbytes/s and nine free I/O slots. It can 
accommodate three 315-Mbyte hard 
disks. It replaces the Sicomp M50. The 
M76 minicomputer handles 11 
315-Mbyte hard disk drives and offers 
19 free I/O slots. 

All Sicomp M computers run the 
Amboss operating system. 
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microprocessor operating at 16 MHz 
with no wait states. 

The standard MP386s system 
includes six 8/16-bit expansion slots 
and 2 Mbytes of RAM, expandable to 8 
Mbytes on the motherboard and up to 
16 Mbytes total by adding memory 
boards. The unit holds up to three half¬ 
height storage devices. It comes with a 
5K- or 3^-inch 1.44-Mbyte or 720-Kbyte 
floppy disk drive. Options include an 
internal 3/-inch hard disk drive and an 
external storage device. 

The MP386s also comes with two 
9-pin RS-232-C serial ports, a Cen¬ 
tronics bidirectional parallel port, and a 
disk drive controller. 

The system supports MS-DOS, OS/2, 
and Xenix or Unix operating systems. It 
comes with MS-DOS 3.3 and GWBasic 
3.2. 

Two models cost $2,995 and two cost 
$3,995, according to configuration. 
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Hypermedia tool weaves web 
of information 

Brown University’s Institute for 
Research in Information and Scholar¬ 
ship (IRIS) has announced the availabil¬ 
ity of IRIS Intermedia. The multiuser 
hypermedia development system facili¬ 
tates the creation of webs of informa¬ 
tion consisting of text, graphics, time 
lines, and scanned images. 

Intermedia allows multiple overlap¬ 
ping windows, lengthy documents, 
navigation aids, and a multiuser envi¬ 
ronment. 

Intermedia runs under A/UX. It is 
available through IRIS or the Apple 
Programmers and Developers Associa¬ 
tion (APDA). 

The user interface is built on top of 
the Macintosh Toolbox interface that 
comes as a part of A/UX. Users can 
share documents by using the Network 
File System. 

Intermedia includes a set of inte¬ 
grated applications: InterWord, a word 
processing program; InterDraw, a 
structured graphics editor; InterPix, a 
scanned image viewer; and Interval, a 
time-line editor. 

The Intermedia system consists of the 
IRIS Intermedia Server, which runs on 
a Macintosh system on a network and 
manages the document file system and a 
network-accessible database, and the 
Intermedia Client, which runs on indi¬ 
vidual workstations and includes the 
four applications. 

The IRIS Intermedia system costs 
$150 per machine. 

Reader Service 44 


Mitsubishi bases system on Intel 386SX chip 
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Software through Pictures” 

“Delivering 


the Promise 
of... 


HIGH QUALITY SOFTWARE is 
the promise of CASE. 

IDE’s Software through Pictures 
increases productivity, 
establishes control, and 
improves communications. 

Everyone benefits when 
software is delivered on- 
time and within budget 
and when it matches the 
customer’s needs. In 
addition, projects 
designed right the first 
time have significantly 
lower maintenance costs. 

User-Extensible Applications 
Software through Pictures significantly 
increases productivity and improves design 
quality with applications such as: 

• Automatic Documentation, 

• Requirements Traceability, and 

• DOD-STD-2167 Support. 

Open Architecture 

The Software through Pictures 
integrated, multi-user CASE 
environment includes graphical 
editors supporting several 
popular analysis and design 
methods. Its open architecture 


Call 1-800-888-IDE1 < 
today to register. 
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allows users to incorporate other 
tools in their own integrated 
CASE environment. 

IDE’s Experience 
Since 1983, IDE has been helping 
customers succeed at each stage of 
their software development 
lifecycle by incorporating Software 
through Pictures into their 
development environments. 

Software through Pictures is 
available for the Apollo, DEC 
VAXstation (VMS and Ultrix), HP 
9000, and Sun Workstations. 


1 ^1 INTERACTIVE 
■ DEVELOPMENT 
ENVIRONMENTS 


595 Market Street, 12th Floor 
San Francisco, California 94105 
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Concurrent expands its 
Series 3200 

Concurrent Computer has added the 
Micro3200 family of real-time computer 
systems to its Series 3200. The new 
family consists of three MicroThree 
entry-level models and three MicroFive 
high-end models. 

Micro3200 systems combine a single¬ 
board real-time processor with the com¬ 
pany’s real-time OS/32 operating sys¬ 
tem. The board includes a four-stage 
pipeline, a Series 3200-compatible 
instruction set, integrated floating-point 
capability, and dual instruction and 
data caches. 

The company claims that the 
MicroThree processor board achieves a 
performance of 3.6 MIPS according to 
the Whetstone benchmark. The 
MicroFive processor board reputedly 
achieves 6 MIPS. 

The MicroThree Compact Chassis 
costs $55,000; the MicroThree Compact 
System, $70,000; and the MicroThree 
Expanded System, $100,000. The 
MicroFive Compact Chassis costs 
$80,000; the MicroFive Compact Sys¬ 
tem, $95,000; and the MicroFive 
Expanded System, $160,000. 
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Relisys offers PC line 

Relisys, a computer peripherals sup¬ 
plier, has announced its first line of per¬ 
sonal computers. The IBM PC 
AT-compatible line, called the RX 
Series, includes two 80386-based tower 
models and five 80286-based desktop 
models. 

The 386 models belong to the RX300 
Series. They feature CPU speeds of 20 
and 25 MHz, onboard cache memory 
up to 64 Kbytes, an optional 80387 
math coprocessor, 1 Mbyte of DRAM 
expandable to 8 Mbytes, and eight slots 
available for additional function cards. 
The 20-MHz RX300 costs $4,195, and 
the 25-MHz RX300i costs $4,895. 

The 286 models of the RX200 Series 
feature CPU speeds of 10, 12, and 16 
MHz, plus onboard memory from 512 
Kbytes to 1 Mbyte, expandable to 8 
Mbytes. An 80287 math coprocessor is 
available. Four models have six slots 
available for additional function cards; 
the fifth has three. Prices range from 
$1,695 to $2,495. 

RX300: Reader Service 46 
RX200: Reader Service 47 


PixC turns PCs into Unix, DOS workstations 


International Software claims that its 
PixC turns PCs into Unix and DOS 
workstations, letting users run Unix and 
DOS sessions in separate windows. 

PixC consists of a graphics coprocessor 
board, mouse, and high-resolution 
(1,536 x 950) monitor. It upgrades exist¬ 
ing 8088, 80286, or 80386 systems. 

According to the company, the PixC 
can run as an independent X-server and 
offload X-server functionality from the 
PC. It uses the Intel 82786 graphics chip 
and NEC V50 CPU to provide direct 
hardware support for windowing. 


The product comes in four configura¬ 
tions: PixC/Desktop, PixC/OpenDesk- 
top, PixC/286, and PixC/386. 
PixC/Desktop costs $2,995. 
PixC/OpenDesktop adds SCO’s Open 
Desktop product for $3,750. PixC/286 
and PixC/386 are complete systems, 
consisting of PixC/Desktop and a 
Compaq, Tandy, or Wyse system. A 
typical 386 configuration with 4 Mbytes 
of memory, an 80-Mbyte disk, and 
PixC/Desktop costs about $9,200. 
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TI bases MicroExplorer on Mac IIx 


Texas Instruments has added new 
models based on the Apple Macintosh 
IIx to its family of MicroExplorer com¬ 
puters. According to the company, the 
new systems combine TI’s Explorer 
Lisp microprocessor and artificial intel¬ 
ligence software environment with stan¬ 
dard Macintosh features. 

The Macintosh IIx incorporates the 
32-bit Motorola 68030 CPU, 68882 
floating-point coprocessor, and six 
NuBus expansion slots. MicroExplorer 
systems based on the Mac IIx have 4 
Mbytes of MicroExplorer RAM and 4 
Mbytes of Macintosh RAM, expanda¬ 
ble to a total of 20 Mbytes. 


HP bases new Vectra on Intel 

Hewlett-Packard has based its Vectra 
QS/16S PC on the 16-MHz Intel 
80386SX microprocessor. The system 
can be expanded from 1 Mbyte to 8 
Mbytes of memory on the processor 
board. It has seven expansion slots and 
three mass-storage shelves. Hard disk 
drive options include 40, 108, and 152 
Mbytes. 

The HP Vectra QS/16Sruns 
Microsoft OS/2 and Windows/386, 
Santa Cruz Operations’ Xenix, and MS- 
DOS applications. 

The QS/16S costs $3,295 for a base 
model with 1 Mbyte of RAM and a 
3K-inch or a 5K-inch floppy disk drive. 
With an optional 40-Mbyte hard disk 
drive it costs $4,395. 

The company has scheduled the 


The new systems come with 40-, 80-, 
or 160-Mbyte internal hard disk drives 
or a 330-Mbyte external drive. Display 
options are monochrome, color, high- 
resolution monochrome, and high- 
resolution color. 

A delivery system with 8 Mbytes of 
RAM, a 40-Mbyte hard disk, a mono¬ 
chrome monitor, and delivery software 
costs $16,645. A development system 
with 12 Mbytes of MicroExplorer 
RAM, 4 Mbytes of Macintosh RAM, a 
330-Mbyte disk, a high-resolution mon¬ 
itor, and software costs $32,240. 
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386SX chip 

higher capacity hard-drive models for 
summer release. 


Reader Service 50 



Hewlett-Packard’s QS/16S uses the 
32-bit Intel 386SX microprocessor. 
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Digital Cellular Radiotelephone Systems 


...AND 
EBEAT 


At Motorola Cellular, we keep in tune with new tech¬ 
nological advancements through the talent and drive 
of our professionals. 


Our revolutionary Digital Cellular Radiotelephone 
Svstems exemplify the phenomenal breakthroughs in 
object-oriented design using C + +, advanced data 
protocols, a CASE/CAE environment, ASIC design, 
advanced error coding and encryption methodology, 
to name a few. 


We are seeking performers who want to orchestrate 
their own future and the future of cellular technology. 
The following opportunities are currently available: 


SOFTWARE ENGINEERS: Minimum of two years ex¬ 
perience in any one of the following: UNIX* C and 
Assembly languages; Al/Expert Systems; ISDN; 
Advanced Communication Networks; Object-orien¬ 
ted Design using C + +; Common Channel Signaling 
System No. 7; Advanced Data Communication 
Protocols; CASE Environment; Encryption; Packet 
Switching (X.25). 


COMPUTER ENGINEERS: Two or more years 
experience in any of the following: DSP; ISDN; 
Advanced Data Communication Networks; Ad¬ 
vanced Data Communication Protocols; ASIC Design; 
CASE/CAE Environment; Encryption; Digital 
Modulation; Speech Coding; Advanced Error Cor¬ 
rection Coding; Packet Switching (X.25); Digital 
Mobile Communication; Channel Equalizers. 


Motorola offers the "chance of a lifetime" to compose 
a system of major scale. Join the undisputed leader 
of cellular technology. For consideration, forward 
your resume to: Professional Staffing, Dept. 
#IEC13, Motorola, Inc., Cellular Group, 1501 
West Shure Drive, Arlington Heights, IL 60004, 
or FAX your resume to: (312) 632-5717. Equal 
opportunity/affirmative action employer. 


(M) MOTOROLA INC. 

' Cellular Group 






Company, Model, Function 

Comments R.S. No. 

Integrated Digital 
Products 

10486 

CPU 

A 32-bit microprocessor that delivers 30 native MIPS performance with a 90-MHz clock. 120 
Includes an on-chip MMU and signals to drive 1 Mbyte of static or dynamic RAM. Pro¬ 
vides memory bandwidths up to 60 Mbytes/s. Comes in a 149-pin PGA. Supports Basic, 

C, Cobol, Forth, Fortran, and Pascal. Price: $1,495. 

Intel 

i486 

CPU 

A 32-bit microprocessor that provides 15 VAX MIPS at 25 MHz and 20 VAX MIPS at 33 121 
MHz. Compatible with the 386DX and 386SX processors. Includes a paging and memory 
management unit and an 8-Kbyte data and instruction cache. Holds more than 1 million 
transistors. Comes in a 168-pin PGA. Sampling in the third quarter. Cost (1,000s): $950. 

Lattice Semiconductor 
GAL16V8A-10 

PLD 

An electrically erasable CMOS programmable logic device with a max 10-ns propagation 122 
delay. Contains eight bidirectional and eight input-only pins. Comes in 20-pin plastic DIP 
and PLCC packages. Cost (100s): $7.98 (plastic DIP). 

Motorola 

68030 

CPU 

A 50-MHz version of the 32-bit 68030 microprocessor. Delivers 12 MIPS of perform- 123 

ance. Manufactured with one-micron technology. Software compatible with entire 68000 
family. Volume production scheduled for the third quarter. Cost: $650 for samples. 

Motorola 

68332 

Microcontroller 

Based on the 32-bit 68020 CPU with added instructions for controller applications. Fea- 124 
tures a 16-channel timer that can be programmed independently of the CPU, architectural 
parallelism, 420,000 transistors, and self-testing capability. Comes in a 132-pin PQFP 
package. Production in the fourth quarter. Cost: under $125 for samples. 

National Semiconductor 

NMC27C512A, 

NMC27C010 

EPROMs 

NMC27C512A is a 1.5-micron, 512-Kbit, UV-erasable EPROM organized 64Kx8 bits 125 

with access times from 150-250 ns. It comes in a 28-pin DIP with transparent lid. 

NMC27C010 is a 1-Mbit EPROM organized 128Kx8 bits with access times from 200- 
250 ns. Cost (100s): $7.15 for 250-ns NMC27C512A; no prices set for NMC27C010. 

NCR 

77C171 

Graphics chip 

A 36-MHz graphics chip that performs all of the Palette DAC functions in IBM PS/2 PCs. 126 
Compatible with VGA display controller outputs and pin-compatible with the Inmos IMS 
G171/176 chip. Supports simultaneous display of 256 colors from a palette of 262,144 
colors. Comes in a 28-pin plastic DIP. Cost (1,000s): $8.25. 

Precision Monolithics 
DAC-8043 

DAC 

A 12-bit, serial-input DAC available in an 8-pin miniDIP. The serial-input data port ac- 127 
cepts a digital word one bit at a time. It features separate strobe input and load-DAC con¬ 
trol lines. Available over three temperature ranges, it also comes in ceramic DIP and 
plastic packages. Cost (100s): starts at $8.95. 

Signetics 

PLC18V8Z-35 

PAL 

A 20-pin programmable logic array device with zero-power capabilities and a universal 128 

architecture. A functional replacement for SSI/MSI logic. Consumes zero power in 
standby mode. Has 18 inputs, with eight dedicated, and eight output macro cells. Features 
a propagation delay of 35 ns. Cost (1,000s): $3.25. 

Signetics 

PLHS502 

PML 

A 40-MHz, bipolar programmable macro logic device. Has two types of preconfigured in- 129 
temal flip-flops with independent clocking. Includes 64 foldback NAND gates, each ac¬ 
cepting up to 128 inputs. Comes in a 68-pin PLCC package. Cost (1,000s): $14. 

Sipex 

SP9488 

DAS 

A 16-bit data acquisition system with two 8-channel multiplexers, instrumentation ampli- 130 
fier, precision reference, and 16-bit sampling A/D with uP interface. Features a bidirec¬ 
tional data bus and self-calibration circuitry. Comes in a 62-pin hermetic package. Cost 
(100s): $425; $549 for extended temperature range. 

Toshiba 

TC55464/5, TC55328/9 
SRAMs 

Four 256-Kbit SRAMs with a max access time of 20-ns, based on one-micron technology. 131 
Also available in 25- and 35-ns versions. Arranged 64Kx4 bits (TC55464/5), 32Kx8 bits 
(TC55328), and 32Kx9 bits (TC55329). Come in 24-pin (TC55464), 28-pin (TC55465 
and TC55328), and 32-pin (TC55329) packages. Cost: samples start at 13,000 yen. 

Weitek 

Abacus 3170, 3171 
Coprocessors 

Single-chip floating-point coprocessors for Sparc. Incorporate a floating-point datapath 132 

and a floating-point controller. Come in a 143-pin PGA. Abacus 3170 is for Fujitsu Sparc 

S-20 and S-25; Abacus 3171 is for Cypress 7C600. Cost (1,000s): $356 for 20-MHz, $427 
for 25-MHz 3170; $427 for 25-MHz, $705 for 33-MHz, $925 for 40-MHz 3171. 
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IEEE INTERNATIONAL CONFERENCE ON COMPUTER DESIGN: 
VLSI IN COMPUTERS 8. PROCESSORS 

ICCD ’89 

Hyatt Regency Cambridge, Cambridge, Massachusetts 
October 2-4, 1989 




Sponsored by: IEEE Computer Society and IEEE Circuits and Systems Society 
In cooperation with: The IEEE Electron Device Society 


THE INTERDISCIPLINARY CONFERENCE 

□ VLSI and Technology □ Design and Test □ Computer-Aided Design □ Architectures and Algorithms 

The focus of this multi-discipline conference is intended to emphasize the interactions between system design, logic circuit 
design, memory design, architecture, software, CAD, Testing, Physical Design, and VLSI Technology. The objectives of this 
conference will offer to those attending an alternative view into the VLSI CAD environment. Unlike other conferences focusing 
on the generalized aspects of Design Automation, ICCD stresses the Interrelationships which exist in the VLSI industry. 

HIGHLIGHTS 


33 TECHNICAL SESSIONS 

■ ASIC Technology ■ Advanced Packaging ■ Analysis and Application of Test ■ BiCMOS Technology ■ Concurrent Error 
Detection ■ Design for Reliability and Yield ■ Design for Testability ■ Error Recovery ■ Floorplanning ■ Graphics and I/O 
Processors ■ High Level Synthesis ■ IBM's RISC Architecture Design System ■ Intel i486 Processor ■ Layout Algorithms ■ 
Logic Synthesis ■ Memory System Architectures ■ Networks ■ Neural and Fuzzy Systems ■ Numeric Architectures ■ Optical 
Interconnect ■ Reliability and Yield Modeling ■ Routing and Compaction ■ Simulation Techniques ■ Storage Display 
Technologies ■ System Verification in the Real World ■ Test Pattern Generation ■ Topics in Fault Simulation ■ VLSI Design ■ 
VLSI Networks ■ Verification ■ Video &. Signal Processing 


4 PLENARY SESSIONS 

■ Life Cycles of High Performance Technologies (B. Prince, Philips) 

■ Challenges in the Design of the Intel i860 (S. W. Fu, Intel) 

■ Large Scale Parallelism (D. Hillis, Thinking Machines) 

■ Impact of Self-Test on Emerging Technologies (j. P. Hayes, U. Michigan) 


KEYNOTE: How Will We Design the Next 
Decade’s Computers? (J. Allen, MIT) 

2 PANEL DISCUSSIONS 

■ Does Synthesis Really Contribute to Testability? 

■ Standards for Design: Mith versus Reality. 


ICCD ’89 Registration Form 

Send form or facsimile to: Conference Department, ICCD '89, IEEE Computer Society, 1730 Massachusetts Avenue, N.W., Washington, D.C. 
20036-1903, Phone Number (202) 371 -1013. Fax Number (202) 728-9614. Make check payable to ICCD '89. 

Please type or print. 




Company Name 
Mailing Address 
City/State/Zip/Country 

Work Phone IEEE Membership Number 

Fax Number 

Do not include my mailing address on: 

□ Non-society mailing lists □ Meeting attendee lists 

Notes: The conference registration fee includes admission to the technical 
sessions, one copy of the conference proceedings, break refreshments, and 
reception. Banquet space is guaranteed only for advanced registrants. 
Otherwise, meals, literature and other activities may be purchased at the 
conference on an as available basis. Written requests for refunds must be 
received in the IEEE Computer Society Office no later than September 18, 1989. 
All refunds are subject to a $15 processing fee. No refunds can be issued after 
September 18, 1989. 


REGISTRATION FEES 

Member 

Non-Member 

Student 

Before 9/1 

$210 

$260 

$65 

After 9/1 

$250 

$310 

$65 

Banquet 

$ 31 

$ 31 

$31 


Total Enclosed $_ 

Method of Payment 

□ Personal Check □ Company Check □ VISA □ MasterCard 

□ American Express 


Card Number Exp. Date 

Signature 


Hotel Information 

The Hyatt Regency Cambridge, Overlooking Boston, 575 Memorial Drive, Cambridge, MA 02139 USA, (617) 492-1234. ICCD '89 attendees 
will be charged the reduced rate of $120 for single or double accommodations. 



















Microsystem Announcements 


Company, Model, Function Comments R.S. No. 


Accel Technologies 

Tango-PLD 

Software 


Ariel 
DSP-56 
DSP card 


Compaq Computer 
Deskpro 286e 
PC 


Force Computers 
MSM 

Mass storage module 


Force Computers 

CPU-33 

CPU 


Heurikon 

HK68/V3E 

CPU 


Lundy Computer 
Graphics 
Lundy 1612 
Workstation 

MetraByte 

MV-NTSC, MV-PAL 
Frame grabbers 

QSI 

Q85-2 

CPU 


PC-based electronic design software for programmable logic devices. Features top-down 135 
design, separation of the logic design phase from the programmable device selection 
phase, multiple device support, a C-like design language, cross reference and listing files, 
a device library, user-definable function libraries, macros, and a minimizer. Cost: $495. 

A digital signal processing card for IBM PCs and compatibles. Based on Motorola’s 136 

DSP56001 and DSP56ADC16. Provides two 16-bit input channels; software-selectable 
sample rates up to 100 kHz/channel; audio standard rates of 32, 44.1, and 50 kHz; and 
DSPnet and SCSI interfaces. Cost: $2,995. 

A PC based on Intel’s 12-MHz 80286. Includes 1 Mbyte of memory, VGA graphics, five 137 
expansion slots, up to four internal storage devices, and three standard interfaces. Runs 
Compaq’s versions of MS-DOS v. 3.31 or 4.01 and Microsoft OS/2 Standard Version 1.1. 

Cost: starts at $2,699. 

A combined hard and floppy disk subsystem that plugs directly into standard VMEbus 138 
backplanes. Achieves up to 84 Mbytes of formatted Winchester capacity and 720 Kbytes 
of formatted floppy capacity. Two models of 42 Mbytes and 84 Mbytes. Cost: $1,990 for 
MSM-42; $2,490 for MSM-84. 

A message-broadcasting VMEbus board based on Motorola’s 68030 that allows multi- 139 
processing through message exchange between up to 20 CPUs. Provides mailbox inter¬ 
rupts and controls 1 Mbyte of on-board shared memory. Comes with VMEPROM soft¬ 
ware. Cost: $2,390 (16.7 MHz) or $3,290 (25 MHz). 

A 33-MHz VMEbus CPU board based on Motorola’s 68030. Features 1, 2, 3, or 4 Mbytes 140 
of SRAM; 2 Mbytes of EPROM; on-board SCSI; 68881/68882 math coprocessor; four 
RS-232-C ports; four 8-bit counter/timers; mailbox interrupt; time-of-day clock; and a 
Centronics parallel port. Cost: $4,495. 

A workstation combining a 19-inch 1,600x 1,200-resolution color raster graphics display 141 
system and a 20-MHz 80386 processor. Also includes a 6-MIPS graphics controller based 
on the TI TMS34010 32-bit Graphics System Processor. Has 1 Mbyte of display list 
video. Displays 16 colors simultaneously from a palette of 4,096. Cost: $16,500. 

Frame grabber boards for IBM PC, XT, AT, or compatible computers. Accept video in- 142 
puts from NTSC- or PAL-format VTR or VCR cameras. Perform analog signal condition¬ 
ing and synchronization. Come with software. Cost: $999 for NTSC; $1,099 for PAL. 

A 6-MHz 80C85 board for battery-based, harsh-environment data acquisition/control sys- 143 
terns. Compatible with the C-44 bus. Includes 128 bytes of EEPROM, 22 digital I/O 
lines, a UART, and a 14-bit timer. Includes a debug monitor in the EPROM. Comes with 
monitor source code. Cost: $290. 


Recortec 
RME-142/3/4 
Industrial computers 


Spectrum 

56001 VME Board 
VMEbus board 

USIT 

Fantasy 16 
VGA card 

Xycom 
4100-AT3 
CPU board 


A line of PC-compatible industrial computers with sealed Lexan front panels and color 144 
monitors, including EGA in RME-142, VGA in RME-143, and multiscan in RME-144 
(CGA, EGA, VGA, and PGA). Motherboard or passive backplane with plug-in CPU card, 

80286 CPUs (10-20 MHz) or 80386 CPUs (16-25 MHz). Cost: starts around $3,000. 

A VMEbus board based on Motorola’s 20-MHz 56001 digital signal processor. Includes 145 
data acquisition and either VMEbus master or slave. Also contains two 56200 FIR filter 
processors. Developed by Loughborough Sound Images. Cost: $5,995. 

A 16-bit VGA card compatible with IBM’s PS/2 VGA design. Has enhanced resolutions 146 
of 800x600 and 256 on-screen colors by using Western Digital’s proprietary video con¬ 
troller. Produced using surface mount technology. Cost: $475. 

A single-board AT computer with a 16-, 20-, or 25-MHz Intel 80386 processor, optional 147 
80387 math coprocessor, up to 4 Mbytes of memory, and on-board controllers for periph¬ 
erals. Includes a watchdog timer and power fail/restart. Designed for industrial use. No 
prices given. 
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The Computer Society Press 
presents the latest on 

GRAPHICS 


INCLUDES 56 COLOR PAGES! 

Tutorial: Computer Graphics—Image Synthesis 

By Ken Joy, Charles Grant, Nelson Max, & Lansing Hatfield 

This material is geared to professionals who have a basic knowledge of three-dimensional computer graphics including basic plotting tech¬ 
niques, mathematical foundations of graphics, raster-scan techniques, transformational geometry, and clipping. Two main areas of image 
synthesis, visible surface algorithms and algorithms for shading, texturing, and anti-aliasing are addressed. These areas overlap since decisions 
made in the design of algorithms for one area will usually impact other areas. Includes 56 color pages. Casebound. 

CONTENTS: Painter's Algorithms; Z-Buffer Algorithms; Scan Line Algorithms; Ray-Tracing Algorithms; Area/Volume Subdivision 
Algorithms; Shading, Texturing, and Anti-Aliasing Algorithms; Glossary; Bibliography and Index. 

Order No. GA854 

ISBN 0-8186-8854-8: Aug. 1988, 380 pp. 
list price $59.95/member price $39.95 


NEW RELEASES! 



ORDER TODAY! 


NEW! 

Tutorial: Computer Graphics 
Hardware —Image Generation 
& Display 

By H. Reghbati & A.Y.C. Lee 
The graphics hardware field 
unfolds in this tutorial, a com¬ 
prehensive overview including 
discussions of image generation, 
display hardware, graphics proc¬ 
essors, special function units, 
frame buffers, smart image 
memories, and the state-of-the- 
art in real-time scan-conversion. 
Includes color pages. 
CONTENTS: Graphics Proces¬ 
sors and Special Function Units; 
Frame Buffer Design; Smart 
Image Memory; Real-Time 
Scan-Conversion Hardware; 
Image Generation Hardware for 
Constructive Solid Geometry; 
Image Processing Hardware; 
Bibliography; Glossary; Index. 
Order No. GA753 
ISBN 0-8186-0753-X 
June 1988, 384 pp. 
list price $50.00 
member price $35.00 


NEW! 

Proceedings: 2nd International 
Conference on Computer Vision 
(ICCV’88) 

This book, devoted solely to 
computer vision, presents top¬ 
ics on motion, stereo, object rec¬ 
ognition, active vision, recovery 
of shape, and color. 

Order No. GA883 
ISBN 0-8186-0883-8 
Dec. 1988, 722 pp. 
list price $110.00 
member price $55.00 


NEW! 

Proceedings: 9th International 
Conference on Pattern 
Recognition (ICPR) 

Covers the current state-of-the- 
art in pattern recognition and 
its allied fields. Topics covered 
include computer vision, sys¬ 
tems and applications, image 
speech and signal processing, 
and algorithms and architectures 
(2 Volume Set) 

Order No. GA878 
ISBN 0-8186-0878-1 
Nov. 1988, 1364 pp. 
list price $150.00 
member price $75.00 


Charge It! 

Call toll-free 1-800-CSBOOKS (1-800-272-6657 (in California call 714-821-8380) 8 am to 4 pm Pacific Time 
We accept: VISA • MasterCard • American Express 
Please have your IEEE or CS membership number available for member discount. 

(Prices outside North America vary. All books subject to availability and prices subject to change.) 

Or Write: 

U.S. & Canada: Customer Service, IEEE Computer Society, 10662 Los Vaqueros Circle, Los Alamitos, CA 90720 USA 
Europe: Customer Service, IEEE Computer Society, 13, Avenue de l’Aquilon, B-1200 Brussels, BELGIUM 
Asia & Australia: Customer Service, IEEE Computer Society, Ooshima Building, 2-19-1 Aoyama, Minato-ku, Tokyo 107 JAPAN 

Interested in authoring a CS Press book? 

Contact: Editor-in-Chief, CS Press, 1730 Massachusetts Avenue, N.W., Washington, DC 20036 
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Editor: Edmund L. Gallizzi, Computer Science Dept., Eckerd College, St. Petersburg, FL 33733; (813) 864-8272; Compmail, e.gallizzi 


More robust AI systems of tomorrow will cope 
better with the unforeseen, says speaker 


Jude Franklin, Planning Research Corp. 

Artificial intelligence systems of the 
future will be more effective than pres¬ 
ent systems when contending with unex¬ 
pected problems, Randy Davis of the 
Massachusetts Institute of Technology 
asserted at the plenary session of AISIG 
89, held March 27-31 in Washington, 

DC. 

AISIG 89, the Artificial Intelligence 
Systems in Government Conference, 
was sponsored by the IEEE Computer 
Society, George Washington University, 
and the Mitre Corp. Jude Franklin 
served as conference chair, and Alan 
Meyrowitz of the US Office of Naval 
Research and R. Peter Bonasso of Mitre 
were the conference vice chairs. 

In his talk, Davis discussed the evolv¬ 
ing need for AI to deal with the unex¬ 
pected. To illustrate, he described the 
malfunction of a fuel cell during a 
NASA space shuttle mission and said 
future AI systems will be more robust in 
dealing with such problems. 

Davis said he feels present AI systems 
of heuristic rule bases are too brittle— 
especially in the area of diagnosis. 

Rick Hayes-Roth of Cimflex 
Teknowledge; his wife, Barbara Hayes- 
Roth, of Stanford University; and 
Roger Shank of Yale University were 
also featured speakers at the plenary 
session. 

Rick Hayes-Roth said that companies 
such as General Motors are accelerating 
the use of AI over all other technolo¬ 
gies, while Barbara Hayes-Roth 
described her work on Stanford’s 
Guardian System. She said it provides 
real-time reasoning to achieve satisfac¬ 
tory answers, as opposed to the abso¬ 
lute exact answer. Hayes-Roth said her 
approach involved a layered architec¬ 
ture concerned with interpretive aid to 
help speed medical diagnosis of patients 
in intensive care units. 

Shank described 10 key questions 
that can guide the AI practitioner. The 


questions involve issues from sharing 
knowledge across domains, to explana¬ 
tion, to case-based reasoning, to knowl¬ 
edge representation. He pointed out 
that what AI needs is indexing and gist 
adaptation. 

AISIG is a growing and evolving con¬ 
ference, and the technical conference 
committee represented a wide range of 
users and developers in government, 
industry, and academia. Government 
representation on the technical and pro¬ 
gram committee is especially important 
because it provides insight into the driv¬ 
ing requirements for the growing 
information-explosion problems the 
government must solve. 

Such problems were addressed at the 
conference, with special attention given 
problems associated with such agencies 
as the Army Artificial Intelligence Cen¬ 
ter, the Defense Department’s 
Advanced Research Projects Agency, 
the Environmental Protection Agency, 


Karen Pieper, Stanford University 

Ken Thompson of AT&T Bell 
Laboratories focused on the ongoing 
Plan 9 project designed to create one 
time-sharing system throughout his 
company when he keynoted an April 
3-6 conference in Boston. 

The event was ASPLOS III, the third 
ACM/IEEE Computer Society interna¬ 
tional conference on Architectural Sup¬ 
port for Programming Languages and 
Operation Systems. Joel Emer of Digi¬ 
tal Equipment served as general chair, 
and John Hennessy of Stanford Univer¬ 
sity was program chair. 

Speaking April 4, Thompson said 
Plan 9 will be large (10,000 users and 1 


the FBI, the Internal Revenue Service, 
NASA, the National Science Founda¬ 
tion, the Naval Research Laboratory, 
the ONR, and the Strategic Defense 
Initiative Organization. 

A strong technical and requirements 
push from the government caused the 
conference committee to make some 
very positive changes, generally refocus¬ 
ing the technical theme from exclusively 
expert systems to AI systems. Thus, the 
conference addressed natural language, 
distributed problem solving, image 
understanding, etc. 

The rate of acceptance of the submit¬ 
ted papers was reduced to less than 40 
percent, both because of an increase in 
submittals and the program commit¬ 
tee’s greater demands on quality. 

The proceedings, order No. 1934, is 
available from the Computer Society 
Press, Los Alamitos, California, by 
calling (800) CS-BOOKS or (714) 
821-8380 in California. 


billion bytes of data), cost effective, 
scalable, and seamless, and will support 
heterogeneous hardware. It is intended 
to replace the workstation model of 
computing that has several disadvan¬ 
tages, Thompson said. These include 
the high costs of the hardware, soft¬ 
ware, and associated maintenance. 
Besides, he asked, “Who wants a fan in 
their office?” 

The core of the idea is to edit on a 
terminal and compile on a CPU; that 
way there are no fans or disks in the 
user’s home or office, and maintenance 
is centralized, said Thompson. 

Integral to Plan 9 is the concept of 


AT&T Bell Labs’ Plan 9 detailed at ASPLOS III 


120 


COMPUTER 








remote mounting services (such as file 
systems and printers) rather than 
duplicating them on each machine. 

Each user will be able to make a cus¬ 
tomized local name space that has the 
global services he or she is likely to use. 
The intent of the project is to let the 
user mount a powerful supercomputer 
from across the country or across the 
hall into his or her name space and then 
use it transparently. Users won’t need 
to move files or set up environments; 
the system will do it for them. 

Parallelism theme. Instruction- 
level parallelism was one of the major 
themes that ran throughout the confer¬ 
ence. Many of the participants 
presented research in which they 
attempted to determine the most advan¬ 
tageous use of this level of parallelism. 

A panel session entitled “Instruction 
Level Parallelism: What’s Next?” 
chaired by Thomas Gross of Carnegie 
Mellon University featured a discussion 
of the architectures that support that 
level of parallelism. 

Interest in exploiting instruction-level 
parallelism is motivated by a desire to 
find continual architectural improve¬ 
ments. If computers are to continue to 
have a factor of 1.5 to 2 increase in 
processor power every year for the next 
five years, as they have for the last five 
years, changes will be needed in the 
processor architecture. 

Making faster gates will not be suffi¬ 
cient to realize those increases. Many 
machine designers are unsure of the 
amount of parallelism available at the 
instruction level and have difficulty 
determining which style architecture 
will best use this parallelism. As a 
result, several different architectures 
that exploit instruction-level parallel¬ 
ism, such as VLIW (very long instruc¬ 
tion word) machines, superscalar 
machines, and superpipelined machines, 
are being investigated. 

A major question open to architects 
is how much instruction-level parallel¬ 
ism exists and how to exploit it. VLIWs 
represent the very parallel end of the 
spectrum. These machines can issue one 
operation per cycle to each of the 
processor’s function units, including the 
memory access unit, the arithmetic logic 
unit, and the floating-point unit. 

VLIWs typically support from seven to 
28 operations in one cycle. Operations 
for each functional unit are encoded in 
a long instruction word (256 to 1,024 
bits) in which a field of each instruction 
controls one functional unit. If the 
operation of a functional unit cannot be 
scheduled in an instruction cycle, a “no 
op” operation is inserted into the 
instruction field for the appropriate 



Ken Thompson of AT&T Bell Labs key¬ 
noted ASPLOS III April 4 in Boston. 


functional unit. 

“Will VLIWs be around in two 
years?” was one of the questions asked 
during the panel discussion. The ques¬ 
tion was intended to ascertain if there is 
enough instruction-level parallelism to 
support such machines. 

Norman Jouppi of DEC’S Western 
Research Laboratory said, “I don’t 
believe in VLIW,” and indicated that 
there was a trade-off between cycle time 
and the number of instructions issued. 
Jamie Frankel of Thinking Machines 
said VLIWs will be around, but mem¬ 
ory bandwidth will govern their success. 
Mitch Alsup of Motorola implied that 
the success of VLIWs would be a mar¬ 
keting and business problem, not a 
technical one. David Papworth from 
Multiflow, which has produced several 
machines with a VLIW architecture, 
said that VLIWs are a good thing and 
that we shouldn’t judge the effective¬ 
ness of the architecture by its first 
implementation. 

Superscalar machines are designed to 
support less instruction-level parallelism 
than VLIWs. Like traditional architec¬ 
tures, and unlike VLIWs, this architec¬ 
ture’s instructions contain a single 
operation. Instruction-level parallelism 
is achieved by dynamically issuing mul¬ 
tiple instructions—typically one to 
four—each cycle. Parallel operations 
may be scheduled by the machine at 
execution time. 

In contrast, VLIWs require that the 
operations are scheduled at compile 
time. As a result of dynamic scheduling 
in superscalar machines, the “no ops” 
necessary in the VLIW architecture are 
not needed. Thus, superscalar machines 
may require less memory bandwidth to 


support instruction-level parallelism. 

Machine trade-offs. Superpipelined 
machines have many of the advantages 
of superscalar machines. Like supersca¬ 
lar machines, each instruction specifies 
a single operation. These instructions 
are pipelined, as in current architec¬ 
tures; however, the granularity of the 
pipe stages is much smaller with a 
greater number of pipeline stages, per¬ 
haps as many as 10. One trade-off 
between superscalar machines and 
superpipelined machines is whether it is 
faster and cheaper to dynamically deter¬ 
mine which instructions can run in par¬ 
allel or to pipeline the CPU and stall the 
instruction stream when a conflict 
occurs. 

Gurindar S. Sohi and S. Vajapeyam 
of the University of Wisconsin at Madi¬ 
son investigated the trade-offs between 
a VLIW encoding of the instruction 
stream and a superscalar encoding in 
their paper, “Trade-offs in Instruction 
Format Design for Horizontal Architec¬ 
tures.” In their models, Sohi and 
Vajapeyam did not include any cycle 
time or memory access time differences 
for the machine types. These simplifica¬ 
tions may bias their results toward 
VLIWs. Their models also allowed only 
one memory reference per cycle. 

Sohi and Vajapeyam found that, with 
these restrictions, the difference in run 
time of the two machine models was not 
significant. When effects on cycle and 
memory access time are considered, 
superscalar machines may be faster. 

A result showing limited instruction- 
level parallelism came from Michael D. 
Smith, Mike Johnson, and Mark A. 
Horowitz of Stanford University in 
their paper, “Limits on Multiple 
Instruction Issue.” They measured 
dynamic instruction-level parallelism 
available for several non-scientific 
benchmarks, such as YACC and Grep. 

Smith, Johnson, and Horowitz found 
that these programs, run on machines 
with full dynamic scheduling including 
the issuing of instructions in an out-of- 
order sequence, typically realized 
speedups between two and three times 
over sequential execution. Since this 
speedup is small, it would appear that 
much of the extra parallelism available 
in VLIW machines is unused in non- 
scientific code. Additionally, since their 
model used completely dynamic 
scheduling, it is an upper bound on the 
parallelism available to the compiler for 
these types of applications. 

Jouppi and David W. Wall of Digital 
demonstrated that a duality exists 
between superscalar and superpipelined 
machines in their paper, “Available 
Instruction-Level Parallelism for Super- 
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scalar and Superpipelined Machines.” 
They showed that issuing a particular 
number of instructions per cycle is 
nearly equivalent to pipelining with the 
same number of stages. 

The superscalar machine has a 
slightly higher performance (less than 
10 percent) than the superpipelined 
machine because of the pipeline fill time 
that the superpipelined machine 
requires. However, their simulation did 
not take into account the cycle time or 
other hardware differences that could 
easily dominate this 10 percent. 

As the Stanford researchers found, 
Jouppi and Wall also found that 
instruction-level parallelism resulted in 
a small speedup (1.6 to 3.2). Higher 


Knuth, Young to keynote 

Donald Knuth of Stanford University 
and John Young of Hewlett-Packard 
have accepted invitations to be the key¬ 
note speakers at the opening session of 
the 11th World Computer Congress, 
slated August 28-September 1 at San 
Francisco’s Moscone Center. 

Also known as IFIP Congress 89, the 
event is sponsored by the International 
Federation for Information Processing. 
The broad-based congress is held every 
three years, and this year’s event will be 
the first one in the series held in the 
United States in 24 years. The last time 
it took place on American soil was 1965 
in New York City. 

Stephen S. Yau of the University of 
Florida is chairing the Organizing Com¬ 
mittee, and Herve Gallaire of the Euro¬ 
pean Computer-Industry Research 
Centre in the Federal Republic of Ger¬ 
many is the Program Committee chair. 

Knuth and Young will speak August 
28, with Knuth, the Fletcher Jones 
professor of computer science at Stan¬ 
ford, serving as the technical keynoter 
discussing how theory and practice in 
software development feed and build on 
each other. Knuth has been involved in 
computing since the late 1950s. He 
developed TeX, a publishing and text 
formatting system, and authored 
several books, including a set on com¬ 
puter algorithms. 

Young, HP’s president and CEO, 
will deliver general keynote remarks. 

Tutorials will precede IFIP Congress 
89 August 24-27, with technical visits 
set for August 25, 29, and 31; technical 
sessions August 28-September 1; and an 
exhibition August 29-31. 

The sponsoring IFIP is a nonprofit 
federation of technical and professional 


speedups are available for vectorizable 
code. As a result, Jouppi suggested that 
instruction-level parallelism may be 
limited to two to three issues per cycle 
unless data parallelism is converted to 
instruction-level parallelism. By data- 
level parallelism, he means additional 
parallelism available through the use of 
techniques like loop unrolling. Vectoriz¬ 
able codes are good examples of pro¬ 
grams that have data-level parallelism. 

Post-conference consensus. The 

general consensus after the conference 
was that more work needs to be done 
on architectures that support 
instruction-level parallelism; more 
needs to be known about instruction- 


organizations representing nations or 
groups of countries. Currently, 46 IFIP 
members represent 59 countries. The 
American Federation of Information 
Processing Societies (AFIPS) represents 
the US and is the host of this year’s 
event. AFIPS consists of 11 technical 
and professional societies principally in 
the US, including the IEEE Computer 
Society, the Association for Computing 
Machinery, and the Data Processing 
Management Association. 

The theme of IFIP Congress 89 is 
“Better Tools for Professionals.” The 
event emphasizes international partici¬ 
pation and a broad spectrum of 
interests. 

The technical program will consist of 
11 tracks and 112 sessions in eight 
simultaneous streams comprising 40 
invited speakers and 27 respondents, 26 
panels, 36 sessions for contributed 
papers, eight sessions on major world¬ 
wide information technology programs, 
and three sessions for discussion of 
IFIP workshop results. 

The 11 technical-program tracks will 
focus on fundamental tools, languages 
and operating systems, communication 
and distributed systems, knowledge- 
based systems, software engineering, 
supercomputing, VLSICAD for profes¬ 
sionals, office automation, factory 
automation, education, and computers 
and society. 

The group of sessions on major infor¬ 
mation technology programs around 
the world will feature software 
engineering environments developed in 
the US, Europe, and the USSR; Japan’s 
effort on future computing media; the 
European economic community’s 
ESPRIT (European Strategic 


level parallelism available in differing 
types of applications, both non-numeric 
and numeric; and it is necessary to 
investigate the trade-offs between 
exploiting data-level and instruction- 
level parallelism and the advantages of 
converting between them. 

The proceedings, order No. 1936, is 
available from the Computer Society 
Press, Los Alamitos, California, by 
calling (800) CS-BOOKS or (714) 
821-8380 in California. 

ASPLOS IV has been scheduled for 
the spring of 1991 in Palo Alto, Califor¬ 
nia, with Bob Rau of Hewlett-Packard 
the general chair and Dave Patterson of 
the University of California at Berkeley 
the program chair. 


Programme for Research in Informa¬ 
tion Technology) work on office sys¬ 
tems and computer integrated 
manufacturing; the European, the 
Soviet, and Japanese effort on comput¬ 
ing system architecture; European and 
Japanese efforts on logic programming 
and knowledge-based systems; China’s 
information technology projects; the 
software technology transition at Car¬ 
negie Mellon University’s Software 
Engineering Institute; and the Software 
Productivity Consortium’s production- 
oriented software engineering. 

A number of major companies will 
participate in the August 29-31 
exhibition—also at Moscone Center. 

The 10 intensive one-day tutorials 
will be held at the Westin St. Francis 
Hotel and will focus on software devel¬ 
opment and project risk management, 
telecommunications, CAD for VLSI, 
microprocessor design, human- 
computer interaction, office automa¬ 
tion, supercomputer systems and appli¬ 
cations, and computers for AI 
applications. 

Extensive technical visits to manufac¬ 
turers and laboratories in the San Fran¬ 
cisco Bay area have been arranged. 
Tours of many of the facilities are nor¬ 
mally restricted to US residents but, 
during IFIP Congress 89, they will be 
open to all conference attendees. 

To order the 32-page advanced pro¬ 
gram and registration form or to make 
specific inquiries, contact 11th World 
Computer Congress, Convention Ser¬ 
vice Center, PO Box 18-P, Denver, CO 
80218; phone, (303) 831-6338; fax, 

(303) 894-0448; telex, 168184svcctr ut; 
or consult the ad in this issue. 


11th World Computer Congress 
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Scientific visualization apt future conference theme, says NCGA keynoter 

Tom Culviner, Staff Editor, IEEE Computer Graphics and Applications 


Scientific visualization is likely to be 
a banner topic at annual National Com¬ 
puter Graphics Association conferences 
for the next few years. 

So said John W. Poduska, chairman 
and CEO of Stellar Computer, when he 
delivered the keynote speech for 
NCGA’s Corporate Advisory Board 
annual meeting April 18 at Philadel¬ 
phia’s Penn Towers Hotel. 

The board meeting was held during 
the! 10th annual NCGA, which attracted 
more than 2,000 people to 134 confer¬ 
ence sessions April 17-20 and about 
25,600 visitors to the Philadelphia Civic 
Center, where 244 companies had 
exhibits. John J. Guarreraof California 
State University at Northridge served as 
conference director. 

Sounding as though he was broaching 
a theme for a future NCGA conference, 
Poduska said April 18 that the needs of 
two types of users must be addressed in 
the scientific visualization market. 

On one hand, researchers program in 


Fortran, are not very interested in com¬ 
munication, and, because they are 
engaged in new research and cannot be 
sure where their research is taking them, 
do not know what products they need. 
On the other hand, production 
engineers use existing programs, desire 
more flexible and easy-to-use software, 
and are very interested in communicat¬ 
ing their results. 

Poduska said the most efficient way 
to meet these users’ needs is through 
modular rather than monolithic appli¬ 
cations. Object-oriented programming, 
he said, is well adapted to linking mod¬ 
ules for scientific visualization. 

After the keynote address, panel 
members spoke briefly about scientific 
visualization and related topics. Wil¬ 
liam L. Hibbard, a meteorologist at the 
Space Science and Engineering Center 
of the University of Wisconsin, said 
that 2D visualization has been used in 
meteorology for years. What meteorol¬ 
ogists really need from industry, he 


said, is machines that allow 3D visuali¬ 
zations of massive numbers of data 
points. 

James R. Warner, chairman and 
CEO of Precision Visuals, made a dis¬ 
tinction between “industrial edge” and 
“leading edge” visualization. Accord¬ 
ing to Warner, 95 percent of visualiza¬ 
tion is in the “I see” and “you see” 
categories, that is, visualization for per¬ 
sonal and departmental viewing. For 
these purposes, lower cost systems run¬ 
ning on such platforms as the Apple 
Macintosh are adequate, but users very 
much need a way to get inexpensive 
hard copy. For the 5 percent of visuali¬ 
zation in the “they see” category- 
graphics for publication, selling 
products, and obtaining grants—high- 
end systems are appropriate. 

For complete details on NCGA 89, 
see the “Selective Update” section of 
the July issue of IEEE Computer 
Graphics and Applications. 



Have you heard about our... 

Technical 
Committee on 
Robotics? 


For information on this, or any of our 32 
other TCs, members* may contact 

IEEE COMPUTER SOCIETY 
MEMBERSHIP DEPARTMENT 

10662 Los Vaqueros Circle 
Los Alamitos, CA 90720 
Telephone: (714) 821-8380 


'Nonmembers: Join us. Use the application on page 
135, or tor more information, circle number 202 on the 
reader service card. 


A Great 
Image. 

Join the company that Forbes Magazinerecently profiled as one ofthe 
"hottest" corporations ever to emerge in the medical technology 
arena — Acuson. We’ve brought sophisticated technology to ultra¬ 
sound imaging and in doing so have created a company that is 
profitable, growing and eager to share its success with every em¬ 
ployee. Enjoy the professional rewards of working with Acuson. 

Senior Digital Design Engineer 

This position involves lead responsibility for defining, 
specifying, planning and implementing digital signal 
processing and control functions within a complex imaging 
system. You will work with multiple high speed buses, fast 
multiport memories, real-time controller-CPU Interfaces and 
VLSI digital signal processing architectures. 

Specific requirements include a BSEE (MSEE preferred) and 
at least 5 years of experience in high speed digital system 
design for complex products (involving real-time signal or 
data processing). The ideal candidate will have experience 
with high speed multi-chip computing architectures for 
communications, video signal processing or image processing 
applications. 

Acuson offers an excellent compensation program, including stock 
options arid profit sharing. Please send your resume to Professional 
Employment, Dept. AC/CP, 1220 Charleston Road, P.O.Box 7393, 
Mountain View, CA 94039-7393. We are an equal opportunity 
employer. 


acuson 














Call for Papers and Participation 

Second International Symposium on Databases in 
Parallel and Distributed Systems 



July 2 - 4,1990 - Dublin, Ireland 
Sponsored by IEEE Computer Society, ACM SIGARCH, 
the British Computer Society and the Irish Computer Society 


GENERAL CO-CHAIRPERSONS: 

Jane Grimson - Trinity College 
Sushil Jajodia - George Mason U. 

PROGRAM CO-CHAIRPERSONS: 

Rakesh Agrawal - AT&T Bell Labs 
David Bell - University of Ulster 

PROGRAM COMMrTTEE: 

Peter Apers - Twente U. 

Dina Bitton - Stanford/Illinois U. 

Joe Brandenburg - Intel 
Stefano Ceri - Politecnico di Milano 
Umesh Dayal - DEC 
Misbah Deen - Keele U. 

Doug Degroot - Texas Instruments 
Ahmed Elmagarmid - Purdue U. 
Hector Garcia-Molina - Princeton U. 
Georges Gardarin - INRIA 
Theo Haerder - Kaiserslautern U. 
H.V. Jagadish - AT&T Bell Labs 
Masura Kitsuregawa - Tokyo U. 

Ravi Krishnamurthy - MCC 
Paul Larson - Waterloo U. 

Miron Livny - Wisconsin U. 

Witold Litwin - INRIA 
Douglas McGregor - Strathclyde U. 
Michele Missikoff -1 ASI-CNR 
C. Mohan - IBM 
Eric Neuhold - GMD 
Andreas Reuter - Stuttgart U. 
Gunther Schlageter - Hagen U. 
Joachim Schmidt - Frankfurt U. 
Dennis Shasha - New York U. 

Amit Sheth - Unisys 
Witold Staniszkis - CRAI 
Patrick Valduriez - MCC 
Kevin Wilkinson - HP Research 
Ouri Wolf son - Technion 
Philip Yu - IBM 


THE SYMPOSIUM 

Commercial availability of a number of general purpose parallel computers has 
given impetus to the investigation of Issues In exploiting their capabilities for 
database applications. DPDS 90 will provide a forum for database researchers 
and practitioners share results of research into new programming paradigms, 
data models, and database systems designed to harness parallelism in data- 
intensive applications and parallel computers. The research into homogene¬ 
ous distributed databases has resulted in number of commercial distributed da¬ 
tabase systems. However, the true potential of distributed database systems 
remains far from being fully realized, and there are still major open research is¬ 
sues, particularly related to the heterogeneous distributed database systems. 
DPDS 90 will also provide an opportunity to discuss research results related to 
distributed database systems. 


The symposium solicits original technical papers describing recent and novel 
research or engineering developments in all areas relevant to the theme of the 
symposium. Topics include, but are not limited to, 

• Parallelism in data-intensive applications. 

• Parallel computer architectures and algorithms for database applications. 

• Issues in integrating database technology with the logic, functional, and 
object-oriented paradigms with focus on parallelism. 

• Query processing, consistency, reliability, and architectural aspects of 
distributed databases. 

• Performance evaluation and measures. 

The symposium will be held at the Trinity College, Dublin. Trinity is one of the 
oldest universities in the British Isles, founded in 1592 by Queen Elizabeth I. 
The College is in the very heart of Ireland’s capital and is within walking dis¬ 
tance of shops, museums, theatres etc. Set in attractive parkland and gar¬ 
dens, the College retains much of its ancient character and seclusion, while its 
modern conference facilities, allied to a long tradition of hospitality to dis¬ 
tinguished visitors make it an ideal location for the symposium. 


Please submit four copies of full papers limited to 25 double-spaced pages 
(5000 words) by October 16,1989 to: 


From United States 
Rakesh Agrawal 

AT&T Bell Laboratories, MH 3D450 
600 Mountain Avenue 
Murray Hill, NJ 07974, USA 
rakesh@research.att.com 


From other countries 

David Bell 

University of Ulster 

Institute of Informatics 

Jordanstown, Co Antrim 

Northern Ireland BT370QB 

CBJW23%UPVAX.ULSTER.AC.UK 


TUTORIALS: 

Bruce Hillyer - AT&T Bell Labs 

LOCAL ARRANGEMENTS: 

Sean Baker - Trinity College 


We are also inviting proposals for panel discussions. Half-day tutorials related 
to the theme of the symposium will be offered on the first day of the sympo¬ 
sium. Please send tutorial proposals to: Bruce Hillyer, AT&T Bell Laboratories, 
HO 4F627, Crawfords Corner Road, Holmdel, NJ 07733, USA, 
bruce@vax135.att.com 


PUBLICfTY: 

John Hughes - Ulster U. 

Marek Rusinkiewicz - Houston U. 

FINANCES: 

Dudley Dolan - Trinity College 


Outstanding papers will be considered for publication in a special issue of the 
IEEE Transactions on Data and Knowledge Engineering devoted to the sympo¬ 
sium. 

IMPORTANT DATES 

Paper Submission Deadline: OCTOBER 16,1989 
Notification of Acceptance: FEBRUARY 1,1990 

Camera Ready Copies Due: MARCH 1,1990 





CALL FOR PAPERS 


Call for papers and referees for Computer 


2} Computer seeks articles for inclusion in upcoming 


Recent Developments in Operating Systems has been 
selected as the theme for the May 1990 edition. Tutorial, sur¬ 
vey, descriptive, case-study, applications-oriented, or peda¬ 
gogic manuscripts are sought. 

Suggested topics include 

• Distributed systems 

• Multiprocessor systems 

• Real-time systems 

• Security and privacy 

• Workstations 

• File systems 

• Performance evaluation 

• Reliability 

• Virtual memory 

• Future trends 

Articles must not have been previously published or cur¬ 
rently submitted for publication elsewhere. 

A 300-word abstract of the manuscript is due by August 
15, 1989, and eight copies of the full manuscript must be sub¬ 
mitted by October 1, 1989, to Joseph Boykin, Encore Com¬ 
puter Corp., 257 Cedar Hill St., Marlborough, MA 01752; 
phone (508) 460-0500, ext. 2720; Internet 
boykin@encore.com; UUCP encoreiboykin 

Authors will be notified of acceptance by December 15, 
1989. The final version of the manuscript is due no later than 
February 1, 1990 

Persons interested in serving as referees are asked to 
send a note indicating their technical interests and qualifica¬ 
tions to Boykin or to Bruce Shriver, Editor-in-Chief, Com¬ 
puter, University of Hawaii, 2404 Malle Way, Honolulu, HI 
96822; Internet shriver@uhccux.uhcc.hawaii.edu 


Formal Methods for Software Engineering has been se¬ 
lected as the theme for coordinated special issues of 
Computer, IEEE Software, and IEEE Transactions on Soft¬ 


ware Engineering in September 1990. 

Formal methods are design and construction methods ex¬ 
plicitly based on well-defined mathematical formalisms. Ex¬ 
amples include VDM, Z, box structures, traces, predicate 
transformers, state transition systems, axiomatic data types, 
and many more. 

These methods promise 

(1) better control over the system development process 
through clarity and precision of specification and then 
of development steps and 

(2) reduced error commission and persistence through 
rigor, systematic review, and formal analysis. 


Much progress has been made in using formal methods, 
developing support systems for them, and evaluating their 
applicability on industrially oriented problems. Applications to 
critical systems are appearing worldwide, and there is now 
some commercial interest based on advances in verifiable 
execution environments. Several standards groups are using 
formal methods, and one — VDM — is undergoing the inter¬ 
national standards process. 

For the coordinated set of articles planned in September 
1990, multiple submissions of different types (for example, a 
case study with accompanying research description) are 
permitted. Computer will publish a survey plus tutorial, IEEE 
Software will carry application case studies, and IEEE Trans¬ 
actions on Software Engineering will publish research papers. 

Submit application case studies, tutorials, and surveys to 
Susan Gerhart, MCC Software Technology Program, 3500 W. 
Balcones Dr., Austin, TX 78759; phone (512) 338-3492; fax 
(512) 338-3899; e-mail gerhart@mcc.com 

Submit research contributions to Nancy Leveson, Informa¬ 
tion and Computer Science Dept., University of California, 
Irvine, CA 92717; phone (714) 856-5517; fax (714) 856-4056, 
e-mail nancy@ics.uci.edu 

Drafts must be submitted no later than October 1, 1989. 
Reviews will be completed by March 1, 1990, and revisions 
must be completed by May 1, 1990. 

Reviewers are sought who are willing to adhere to a tight 
timetable for publication of these special issues. 


IEEE Trans. Parallel and Distributed 
Computing will begin quarterly publica¬ 
tion in January 1990. Sample subject areas in¬ 
clude parallel and distributed architectures, 
parallel and distributed software, and parallel 
algorithms and applications. Submit paper to 
Tse-yun Feng, Editor-in-Chief, IEEETPDC, 
Computer Engineering Program, Dept, of 
Electrical Engineering, Pennsylvania State 
Univ., University Park, PA 16802. 

IEEE Micro seeks articles for general 
interest issues in 1990. Suggested topics 
include neural networks, artificial intelligence. 


special-purpose computers, optical computers 
and interfaces, workstations, use of micropro¬ 
cessors in parallel computers, VHDL design, 
silicon compilation, and biological computing. 
Tutorials are welcome on all micro-related 
topics. Submit manuscripts to Joe Hootman, 
Editor-in-Chief, EE Dept., Univ. of North Da¬ 
kota, PO Box 7165, Grand Forks, ND 58202, 
phone (701) 777-4331. 

CHI 90, Human Factors in Computing Sys¬ 
tems 1990: Apr. 1-5, 1990, Seattle. Sponsor: 
ACM. To obtain the call for participation 
form, contact Toni MacHaffie, PO Box 5847, 


Beaverton, OR 97006, phone (503) 591-1981. 

AIDA 89, Fifth Conf. on Artificial Intelli¬ 
gence and Ada: Nov. 16-17, 1989, Fairfax, 
Va. Cosponsors: George Mason Univ., Inst, 
for Defense Analyses, Software Productivity 
Consortium. Submit paper by June 30, 1989, 
to AIDA 89, Computer Science Dept., George 
Mason Univ., 4400 University Dr., Fairfax, 
VA 22030, phone (703) 323-2713. 

HCI Int’l 89, Third Int’l Conf. on Human- 
Computer Interaction: Sept. 18-22, 1989, 
Boston. Cosponsors: Assoc, of American Pub- 
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lishers et al. Submit abstract by June 30, 
1989, to Gavriel Salvendy, 263 Grissom Hall, 
Purdue Univ., West Lafayette, IN 47907, 
phone (317) 494-5426. 


{ftjjl IEEE Trans. Computers : April 1990. A 
special j ssue ; s planned on fault-tolerant 
computing. Submit manuscript by July 1, 
1990, to S.M. Reddy, Electrical and Computer 
Engineering Dept., Univ. of Iowa, Iowa City, 
IA 52242, phone (319) 335-5191. 


IFIP Int’l Workshop on Applied Formal 
Methods for Correct VLSI Design: Nov. 13- 
lb, 1989, Leuven, Belgium. Cosponsors: IFIP, 
Interuniversity Micro Electronics Center. Sub¬ 
mit paper by July 1, 1989, to Luc Claesen, 
IMEC vzw, Kapeldreef 75, B-3030 Leuven, 
Belgium, phone 32 (16) 281-203. 


Workshop on Unix System Administration: 

Sept. 18-19, 1989, Somerset, N.J. Submit ex¬ 
tended abstract by July 1, 1989, and abstract 
and paper by Sept. 1, 1989, to Thomas V. Pot- 
tanat, NYNEX, 500 Westchester Ave., 2D-4, 
White Plains, NY 10604, phone (914) 683- 
2186; and Thomas M. Raleigh, Bell Commu¬ 
nications Research, 445 South St., MRE 2A- 
343, Morristown, NJ 07960-1910, phone (201) 
829-4321. 


ICSE 12, 12th Int’l Conf. on Software 
vt' Engineering: Mar. 26-30, 1990, Nice, 
France. Cosponsors: ACM et al. Submit paper 
by July 14, 1989, to Peter Freeman, ICSE 12 
Program, ICS Dept., Univ. of California at Irv¬ 
ine, Irvine, CA 92717, phone (714) 856-7403; 
or Marie-Claude Gaudel, ICSE 12 Program, 
AFCET, 156 Bd. Pereire, 75017 Paris, France. 


Parbase 90, Int’l Conf. on Databases, 
Parallel Architectures, and their Applica¬ 
tions: March 6-9, 1990, Miami Beach. Co¬ 
sponsors: Florida International Univ. et al. 
Submit paper by Aug. 4, 1989, to Parbase 90, 
School of Computer Science, Florida Interna¬ 
tional Univ., Miami, FL 33199, phone (305) 
554-3429 or 3386. 


18th Computer Science Conf.: Feb. 20-22, 
1990, Washington, DC. Sponsor: ACM. Sub¬ 
mit paper by Aug. 15, 1989, to Barbara Kyr- 
iakakis, Computer Science Dept., George Ma¬ 
son Univ., Fairfax, VA 22030, phone (703) 
323-2318. 


IEEE Infocom 90, Conf. on Computer 
vAx Communications: June 3-7, 1990, San 
Francisco. Cosponsor: IEEE Communications 
Society. Submit paper by Aug. 31, 1989, to M. 
Gerla, IEEE Infocom 90, Computer Science 
Dept., UCLA, BH 3732H, Los Angeles, CA 
90024, phone (213) 825-2660. 


otv CompEuro 90, IEEE Int’l Conf. on 
Computer Systems and Software En¬ 
gineering: May 7-9, 1990, Tel Aviv. Cospon¬ 
sors: IEEE, Information Processing Assoc, of 
Israel. Submit abstract by Sept. 1, 1989, to 
CompEuro 90 Conference Secretariat, c/o 
ORTRA, POB 50432, Tel Aviv, 61500, Israel, 
phone 972 (3) 664-825. 


frfjj EDAC 90, European Design Automa- 
tion Conf.: Mar. 12-15, 1990, Glas¬ 
gow, Scotland. Submit abstract/paper by Sept. 
4, 1989, to EDAC 90 Secretariat, CEP Con¬ 
sultants, 26-28 Albany St., Edinburgh, EH1 
3QH, UK, phone 44 (31) 557-2478. 


IPCCC, Ninth IEEE Int’l Phoenix 
Conf. on Computers and Communica¬ 
tions: Mar. 21-23, 1990, Scottsdale, Ariz. Co¬ 
sponsor: IEEE Communications Society. Sub¬ 
mit abstract and paper by July 14, 1989, to 
Ralph Martinez, Electrical and Computer En¬ 
gineering, Univ. of Arizona, Tucson, AZ 
85721, phone (602) 621-6174. 


1990 American Control Conf.: May 23-25, 
1990, San Diego, Calif. Sponsor: American 
Automatic Control Council. Submit paper by 
Sept. 15, 1989, to Eliezer Gai, C.S. Draper 
Laboratory, 555 Technology Square, MS 4B, 
Cambridge, MA 02139, phone (617) 258- 
2232. 


(201) 582-2250; or David Bell, Inst, of Infor¬ 
matics, Univ. of Ulster, Jordanstown, County 
Antrim, Northern Ireland BT370QB, phone 
(0232) 365-131. 

20th Int’l Symp. on Multiple-Valued Logic: 

May 23-25, 1990, Charlotte, N.C. Cosponsors: 
Microelectronic Center of North Carolina, 
Univ. of North Carolina. Submit paper by 
Nov. 1, 1989, to George Epstein, Computer 
Science Dept., Univ. of North Carolina at 
Charlotte, Charlotte, NC 28223, phone (704) 
547-4566. 

J. Parallel and Distributed Computing plans 
a special issue on software tools for parallel 
programming and visualization in June 1990. 
Submit paper by Nov. 1, 1989, to Lionel Ni, 
Computer Science Dept., Michigan State 
Univ., East Lansing, MI 48824-1027, phone 
(517) 353-4386; or K.C. Tai, Computer Sci¬ 
ence Dept., North Carolina State Univ., 
Raleigh, NC 27695-8206, phone (919) 737- 
7862. 


trjjl COIS 90, Conf. on Office Information 

'viy Systems: Apr. 25-27, 1990, Cambridge, 
Mass. Cosponsor: ACM. Submit paper by 
Nov. 3, 1989, to Fred Lochovsky, Computer 
Science Dept., 10 King’s College Circle, Univ. 
of Toronto, Toronto, Ont. M5S 1A4, Canada, 
phone (416) 978-7441. 


ICALP 90, 17th Int’l Colloquium on Auto¬ 
mata, Languages, and Programming: July 
16-20, 1990, Coventry, England. Sponsor: 
Int’l Computers, Ltd. Submit extended ab¬ 
stract or draft by Nov. 15, 1989, to Mike S. 
Paterson, Computer Science Dept., Univ. of 
Warwick, Coventry CV4 7AL, UK, phone 44 
(203) 523-194. 


/vjjt 17th Int’l Symp. on Computer Archi- 
^*y tecture: May 28-31, 1990, Seattle. Co¬ 
sponsor: ACM. Submit paper by Nov. 21, 
1989, to James Goodman, Computer Sciences 
Dept., Univ. of Wisconsin, 1210 W. Dayton, 
Madison, WI 53706, phone (608) 262-1204. 


27th Allerton Conf. on Communication, 
Control, and Computing: Sept. 27-29, 1989, 
Monticello, Ill. Sponsor: Univ. of Illinois at 
Urbana-Champaign. Submit abstract and paper 
by July 15, 1989, to Allerton Conf., c/o J.V. 
Medanic, Univ. of Illinois at Urbana-Cham¬ 
paign, Coordinated Science Lab, 1101 W. 
Springfield Ave., Urbana, IL 61801. 


Ninth Int’l Conf. on Analysis and Optimiza¬ 
tion of Systems: June 12-15, 1990, Antibes, 
France. Sponsor: INRIA. Submit paper by 
Oct. 1, 1989, to Conference Secretariat, 
INRIA, Service des Relations Exterieures, Do- 
maine de Voluceau — BP 105, 78153 Le 
Chesnay Cedex, France, phone 33 (l)-39-63- 
5500. 


First Int’l Conf. on Systems Integra- 
tion: Apr. 23-26, 1990, Morristown, N.J. 
Cosponsors: New Jersey Inst, of Technology 
et al. Submit paper by July 25, 1989, to Peter 
A. Ng, Computer and Information Science 
Dept., New Jersey Inst, of Technology, New¬ 
ark, NJ 07102, phone (201) 596-3387. 


(gfjl Nat’l Educational Computing Conf.: 

June 25-27, 1990, Nashville, Tenn. Co¬ 
sponsor: Int’l Council for Computers in Edu¬ 
cation. Submit paper by Oct. 15, 1989, to John 
D. McGregor, Computer Studies Dept., Mur¬ 
ray State Univ., Murray, KY 42071, phone 
(502) 762-2614. 


First Conf. on Visualization in Biomedical 
Computing: May 22-25, 1990, Atlanta. Spon¬ 
sors: National Science Foundation et al. Sub¬ 
mit abstract by July 31, 1989, to Norberto 
Ezquerra, Office of Interdisciplinary Pro¬ 
grams, Georgia Tech, Atlanta, GA 30332. 


(ft% Second Int’l Symp. on Databases in 
Parallel and Distributed Systems: July 
2-4, 1990, Dublin, Ireland. Cosponsor: ACM. 
Submit paper by Oct. 16, 1989, to Rakesh 
Agrawal, AT&T Bell Labs, Rm. 3D450, 600 
Mountain Ave., Murray Hill, NJ 07974, phone 


Coling 90, 13th Int’l Conf. on Computa¬ 
tional Linguistics: Aug. 20-25, 1990, 
Helsinki, Finland. Submit paper by Dec. 1, 
1989, to Hans Karlgren, KVAL, Skeppsbron 
26, S-lll 30 Stockholm, Sweden, phone 46 
(8) 789-6683. 


ICCC 90, 10th Int’l Conf. on Computer 
Communication: Nov. 5-9, 1990, New Delhi, 
India. Sponsor: Int’l Council on Computer 
Communication. Submit draft of paper by 
Dec. 4, 1989, to S. Ramani, National Centre 
for Software Technology, Gulmohar Cross Rd. 
No. 9, Juhu, Bombay-400-049, India, phone 
91 (11) 620-1606. 


DIAC 90, Directions and Implications of 
Advanced Computing: July 28, 1990, Boston. 
Sponsor: Computer Professionals for Social 
Responsibility. Submit abstract and paper by 
Mar. 1, 1990, to Douglas Schuler, Boeing 
Computer Services, MS 7L-64, PO 24346, Se¬ 
attle, WA 98124-0346, phone (206) 865-3226. 
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ONE-DAY TUTORIALS • August 24-27 


XT^WMJ) 

COMPUTER 

CONGRESS 


Software Risk Management - B. Boehm, USA 
Integrated Office Systems - D. Choy, USA 

Human-Computer interaction - J. Coutaz, France and L. Bass, USA 
Computer Networks & Telematic Services - R. Popescu-Zeletin, FRG 
Supercomputer Systems & Applications - P. Schneck, USA 
Computers for Artificial Intelligence Applications - B. Wah, USA 
Computer-Aided Design for VLSI - C. Sequin, R. Brayton, E, Kuh, 

A. R. Newton, A. Sangiovanni-Vincentelli, USA 
Software Reliability Measures: Guiding Software Development for 
Cost-Effective System Quality - J. Musa, USA 
Trends in Microprocessor Design N. Tredennick, USA 
Principles & Practices of Object Oriented Programming - C. Ellis, USA 


TECHNICAL VISITS • August 25, 29 and 31 


Amdahl Corporation • Ampex Corporation • Apple Computer • Hewlett 
Packard Corporation • IBM Corporation • Lawrence Berkeley Laboratory/ 
University of California at Berkeley • Lawrence Livermore National 
Laboratory • NASA/Ames Research Center • Olivetti Research Center • 
Silicon Graphics • Stanford University • Sun Microsystems 



SAN FRANCISCO, CALIFORNIA USA 
August 28 - September 1,1989 


Sponsored by International Federation for Information Processing 
Hosted by American Federation of Information Processing Societies 

Organizing Committee Chair - Stephen S. Yau, USA 
Program Committee Chair - Herve Gallaire, FRG 

The World Computer Congress is the premier assembly of com¬ 
puter professionals from around the globe. Held only every three 
years, and in the United States for the first time in twenty-four 
years, this prestigious event attracts and features top scientists, 
engineers, users, managers and policy makers from industry, aca¬ 
demia and governments. 


TECHNICAL PROGRAM • August 28-September 1 


Keynote Speaker - Donald Knuth, Stanford University, USA 

Housed in Moscone Center, the Technical Program will consist of eleven 
tracks, each of which will examine an area from various perspectives and 
address areas where significant scientific and technical changes are taking 
place. Each track, headed by the listed member of the Program Commit¬ 
tee, will feature invited speakers and responders, panels and contributed 
papers from around the world. IFIP Congress '89 will also feature 
individual and comparative presentations evaluating and discussing com¬ 
puter software technology projects carefully selected to represent what 
these programs consider to be their best efforts. 

Fundamental Tools - J. Gruska, Czechoslovakia • Languages and Oper¬ 
ating Systems - G. Kahn, France • Communication and Distributed 
Systems - O. Spaniol, FRG • Knowledge-Based Systems - J. Mylopou- 
los, Canada • Software Engineering - M. Dowson, USA • Supercom¬ 
puting - M. Tokoro, Japan • VLSI-CAD Tools - M. Barbacci, USA • 
Office Automation - B. Curtis, USA • Factory Automation - G. Giralt, 
France • Education - D. H. Wolbers, The Netherlands • Computers 
and Society - L. Penedo, Portugal 

Major Information Technology Programs - D. Bjorner, Denmark 
Proceedings Editor - G. Ritter, USA 


WORLD COMPUTER EXHIBITION • August 29-31 


View and compare the latest computer products and services from 
leading manufacturers and suppliers from around the world at the 
Exhibition, housed with the Technical Program at Moscone Center. For 
information on exhibiting contact: 

Exhibits Management • Industrial Presentations, Inc. 

12371 East Cornell Ave., Aurora, Colorado 80014 USA 
Phone (303) 696-6100 • Fax (303) 751-1880 


ACCOMMODATIONS, TRAVEL & TOURS 

The Westin St. Francis is the Congress headquarters hotel. Also available 
through the Congress is a variety of other hotels to meet every budget. 
Delegates and guests can experience the excitement of San Francisco and 
the Bay area through an extensive social and sightseeing program. 

Contact the 11th World Computer Congress for all hotel reservations, 
sightseeing tour reservations, and details on special airfares on United 
Airlines and Pan American World Airways, the official Congress carriers. 


DON’T MISS THE 

11TH WORLD COMPUTER CONGRESS! 


For the full advance Congress program, registration, tours and accommo¬ 
dations, return the coupon or contact: 

11th World Computer Congress 
Convention Service Center, Inc. 

PO Box 18-P, Denver, Colorado 80218 USA 
Phone (303) 831-6338 • Fax (303) 894-0448 
Telex 168184SVCCTR UT 

Or you may contact your national computer society for more information. 


Please send full information on the 11th World Computer Congress. 


Organization __ 
Address_ 


Zip/Postal Code_ 


11th World Computer Congress 
Convention Service Center, Inc. 

PO Box 18-P, Denver, Colorado 80218 USA 
Phone (303) 831-6338 • Fax (303) 894-0448 


































CALENDAR 


June 1989 


First Symp. on Parallel Algorithms and 
Architectures, June 18-21, Santa Fe, N.M. 
Sponsor: ACM. Contact Tom Leighton, Math 
Dept, and Computer Science Lab, MIT, Cam¬ 
bridge, MA 02139. 

NECC 89, 10th Nat’l Educational 

Computing Conf., June 18-22, Boston. 
Cosponsor: Int’l Council for Computers in 
Education. Contact Nancy Roberts or Sue 
Friel, Lesley College, 29 Everett St., Cam¬ 
bridge, MA 02138-1191, phone (617) 868- 
9600; Michael C. Mulder, Applied Research, 
Univ. of Portland, 5000 N. Willamette Blvd., 
Portland, OR 97203, phone (503) 283-7433; 
or NECC 89, iCCE, Univ. of Oregon, 1787 
Agate St., Eugene, OR 97403-9905. 

Int’l Workshop on Hardware Fault 
nU' Tolerance in Multiprocessors, June 
19-20, Urbana, Ill. Contact Prith Banerjee, Co¬ 
ordinated Science Lab, Univ. of Illinois, 1101 
W. Springfield Ave., Urbana, IL 61801, phone 
(217) 333-6564. 

CHDL 89, Ninth Int’l Symp. on Com- 

puter Hardware Description Lan¬ 
guages and Applications, June 19-21, Wash¬ 
ington, DC. Cosponsors: IFIP, ACM. Contact 
John A. Darringer, IBM T.J. Watson Research 
Center, PO Box 218, Yorktown Heights, NY 
10598, phone (914) 945-1018. 

Sixth Int’l Workshop on Database 

Machines, June 19-21, Deauville, 
France. Cosponsors: INRIA et al. Contact 
Haran Boral, MCC, 3500 W. Balcones Center 
Dr., Austin, TX 78759 (in the US); or Pascal 
Faudemay, Masi Labo., Univ. of Paris 6, 4 
Place Jussieu, F-75252 Paris, Cedex 05, 

France (outside the US). 

ICNN 89, Int’l Conf. on Neural Networks, 
June 19-22, Washington, DC. Sponsor: IEEE. 
Contact Nomi Feldman, 3770 Tansy St., San 
Diego, CA 92121, phone (619) 453-6222. 

Fourth Structure in Complexity The- 
^=7 ory Conf., June 19-22, Eugene, Ore. 
Cosponsors: Univ. of Oregon, ACM. Contact 
Stephen R. Mahaney, Rm. 2C-454, AT&T 
Bell Labs, 600 Mountain Ave., Murray Hill, 

NJ 07974, phone (201) 582-5613. 

Conf. 89: Graphics Interface 89 and Vision 
Interface 89, June 19-23, London. Ont., Can¬ 
ada. Sponsors: Canadian Man-Computer Com¬ 


yra Conferences that the IEEE Computer Society sponsors or participates 

in are indicated by the Computer Society logo; additional conference spon¬ 
sors are also listed. Other conferences of interest to our readers are included, as 
well. 

For inclusion in Call for Papers or Calendar, submit information six weeks be¬ 
fore the month of publication (i.e., for the August 1989 issue, send informa¬ 
tion for receipt by June 15, 1989) to Chuck Governale, Calendar Dept., Com¬ 
puter, 10662 Los Vaqueros Circle, Los Alamitos, CA 90720. 


munications Society, Canadian Image Process¬ 
ing and Pattern Recognition Society. Contact 
Irene Gargantin, Computer Science Dept., 
Univ. of Western Ontario, London, Ont., Can¬ 
ada N6A 5B7, phone (519) 661-3563. 

(£§]} FTCS 19, Int’l Fault-Tolerant Com- 
puting Symp., June 20-23, Chicago. 
Contact S.M. Reddy, FTCS 19, Electrical and 
Computer Engineering Dept., Univ. of Iowa, 
Iowa City, IA 52242, phone (319) 335-5196; 
or Ravi K. Iyer, Coordinated Science Lab, 
Univ. of Illinois, 1101 W. Springfield Ave., 
Urbana, IL 61801, phone (217) 333-9732. 

Rochester Forth Conf. on Industrial 
Automation, June 20-24, Rochester, 
N.Y. Cosponsor; Inst, for Applied Forth Re¬ 
search. Contact Lawrence P. Forsley, IAFR, 

70 Elmwood Ave., Rochester, NY 14611. 

Third Int’l Conf. on Foundations of Data 
Organization and Algorithms, June 21-23, 

Paris. Sponsor: INRIA. Contact Witold Lit- 
win, INRIA Rocquencourt, c/o Public Rela¬ 
tions Dept., Domaine de Voluceau, 78153 Le 
Chesnay Cedex, France, phone 33 (1) 39-63- 
56-00. 

SIGPlan 89, Conf. on Programming Lan¬ 
guage Design and Implementation, June 21- 

23, Portland, Ore. Sponsor: ACM. Contact 
Bruce Knobe, Prime Computer, Inc., 500 Old 
Connecticut Path, Framingham, MA 01701, 
phone (508) 879-2960. 

Second Symp. on Computer-Based 
Medical Systems, June 25-27, Minnea¬ 
polis, Minn. Cosponsors: IEEE, Univ. of Min¬ 
nesota. Contact John M. Long, 2829 Univer¬ 
sity Ave. SE, #408, Minneapolis, MN 55414, 
phone (612) 627-4850; or Bart Galle, Continu¬ 
ing Medical Education, Univ. of Minnesota, 
Box 202 UMHC, 420 Delaware St. SE, Min¬ 


neapolis, MN 55455, phone (612) 626-5525. 

CAR 89, Computer-Assisted Radiol- 
ogy Conf., June 25-28, Berlin. Cospon¬ 
sor; AMK Berlin. Contact Michael L. Rhodes, 
MPDI, 2730 Pacific Coast Hwy„ Torrance, 

CA 90505, phone (213) 539-5944. 

DAC 89, 26th Design Automation 
Conf., June 25-29, Las Vegas. Cospon¬ 
sor: ACM. Contact Michael J. Lorenzetti, 
MCNC, PO Box 12889, Research Triangle 
Park, NC 27709-2889; or Pat Pistilli, MP As¬ 
sociates, 7490 Clubhouse Rd., Suite 102, 
Boulder, CO 80301, phone (303) 530-4333. 

Hot Chips Symp., June 26-27, Palo 
Alto, Calif. Sponsor: IEEE Computer 
Society Technical Committee on Micro¬ 
processors and Microcomputers. Contact 
Robert Stewart, Stewart Research Enterprises, 
1658 Belvoir Dr., Los Altos, CA 94022, phone 
(408) 432-3000. 

Workshop on Languages and Archi- 
tectures for Automation, June 26-28, 

Madrid. Contact T.C. Ting, Office of the 
Dean, U-237, School of Engineering, Univ. of 
Connecticut, Storrs, CT 06268, phone (203) 
486-5462. 

Int’l Assoc, of Knowledge Engineers Conf., 
June 26-28, College Park, Md. Cosponsors: 
IAKE, Univ. of Maryland. Contact Fred Whit¬ 
ing, IAKE Conf., Georgetown PO Box 25461, 
Washington, DC 20007, phone (301) 231- 
7826. 

Int’l Conf. on Mathematics of Program 
Construction, June 26-30, Groningen, The 
Netherlands. Contact Jan L.A. van de 
Snepscheut, Mathematics and Computing Sci¬ 
ence Dept., Groningen Univ., PO Box 800, 
9700 AV Groningen, The Netherlands. 
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Int’l Conf. on Expert Planning Systems, 
June 27-29, Brighton, England. Sponsor: In¬ 
stitution of Electrical Engineers. Contact Conf. 
Services, IEE, Savoy PI., London WC2R OBL, 
UK, phone 44 (1) 240-1871, ext. 222. 


July 1989 


SETSS 90, Seventh Int’l Conf. on Software 
Engineering for Telecommunications 
Switching Systems, July 3-6, Bournemouth, 
England. Sponsor: Institution of Electrical En¬ 
gineering. Contact Conf. Services, IEE, Savoy 
Pl„ London WC2R OBL, UK, phone 44 (01) 
24-01-871. 

EKAW 89, Third European Knowledge Ac¬ 
quisition for Knowledge-Based Systems 
Workshop, July 3-7, Paris. Contact John 
Boose, Advanced Technology Center, Boeing 
Computer Services, 7L-64, PO Box 24346, 
Seattle, WA 98124, phone (206) 865-3253; or 
Brian Gaines, Dept, of Computer Science, 
Univ. of Calgary, 2500 University Dr. NW, 
Calgary, Alta., Canada T2N 1N4, phone (403) 
220-5901. 

ICALP 89, 16th Colloquium on Automata, 
Languages, and Programming, July 11-15, 

Stresa, Italy. Sponsor: European Assoc, of 
Theoretical Computer Science. Contact Ron- 
chi Della Rocca, Dip. di Informatica, corso 
Svizzera 185, 10149 Torino, Italy, phone 39 
(11) 75-56-77. 

Eighth Australia Conf. on Microelectronics: 
July 12-14, Brisbane, Australia. Cosponsors: 
IEEE Queensland Section, Univ. of Queen¬ 
sland. Contact Microelectronics 89, Institution 
of Engineers, Australia, 11 National Circuit, 
Barton ACT 2600, Australia, phone 61 (62) 
706-549. 

Svmp. on Design and Integration of 
Large Spatial Databases, July 17-18, 

Santa Barbara, Calif. Contact Oliver Gunther, 
Computer Science Dept., Univ. of California, 
Santa Barbara, CA 93106, phone (805) 961 - 
3236. 


CASE 89, Third Int’l Workshop on 
Computer-Aided Software Engineer¬ 
ing, July 17-21, London. Cosponsors: Impe¬ 
rial College of London et al. Contact Elliot 
Chikofsky, Index Technology Corp., 1 Main 
St., Cambridge, MA 02142 (in North Amer¬ 
ica); or John Jenkins, School of Management, 
Imperial College, London SW7 2PG, UK (in 
other regions). 

Third Int'l Conf. on Image Processing, July 
18-20, Warwick, England. Sponsor: Institution 
of Electrical Engineers. Contact Conf. Serv¬ 
ices, IEE, Savoy PL, London WC2R OBL, 
phone 44 (1) 24-01-871, ext. 222. 

89 VLSI Education Conf. and Exposition, 
July 19-21, Santa Clara, Calif. Contact M. 
Bush, Conf. Management Services, 5 Cleland 
PL, Menlo Park, CA 94025, phone (415) 329- 
OS 10. 


Summer Computer Simulation Conf., July 
24-27, Austin, Texas. Sponsor: Society for 
Computer Simulation. Contact SCS, PO Box 
17900, San Diego, CA 92117-7900, phone 
(619) 277-3888. 

1989 Int’l Computers in Engineering Conf., 
July 30-Aug. 2, Anaheim, Calif. Sponsor: 
ASME. Contact Donald R. Riley, Mechanical 
Engineering Dept., Univ. of Minnesota, 111 
Church St. SE, Minneapolis, MN 55455. 

SIGGraph 89, 16th Conf. on Com- 
vU' puter Graphics and Interactive Tech¬ 
niques, July 30-Aug. 4, Boston. Cosponsor: 
ACM. Contact Chris Herat, Javelin Software, 
1 Kendall Square, Bldg. 200, Cambridge, MA 
02139. 


August 1989 

18th Int’l Conf. on Parallel Processing, Aug. 
8-12, St. Charles, Ill. Sponsor: Pennsylvania 
State Univ. Contact Tse-yun Feng, Electrical 
Engineering Dept., Pennsylvania State Univ., 
121 Electrical Engineering East, University 
Park, PA 16802, phone (814) 863-1469. 

32nd Midwest Symp. on Circuits and Sys¬ 
tems, Aug. 14-15, Urbana, Ill. Sponsors: 

Univ. of Illinois at Urbana-Champaign, IEEE. 
Contact K.S. Arun, Coordinated Science Lab, 
Univ. of Illinois, 1101 W. Springfield Ave., 
Urbana, IL 61801-3082, phone (217) 333- 
7678. 


yKj} Micro 22, 22nd Workshop on Micro- 

programming and Microarchitecture: 

Aug. 14-16, Dublin, Ireland. Contact Gearold 
R. Johnson, Center for Computer Assisted En¬ 
gineering, Colorado State Univ., Fort Collins, 
CO 80523, phone (303) 491-5543. 

VHDL Methods Workshop, Aug. 14- 

16, Charlottesville, Va. Cosponsor: 

Univ. of Virginia. Contact Ron Waxman, 
Electrical Engineering Dept., Thornton Hall, 
Univ. of Virginia, Charlottesville, VA 22901, 
phone (804) 924-6086. 

Third Pan Pacific Computer Conf., 
'A' Aug. 15-19, Beijing. Cosponsors: Chi¬ 
nese Computer Federation, Chinese Inst, of 
Electronics. Contact Halbrecht Associates, 
1200 Summer St., Stamford, CT 06905, phone 
(203) 327-5630; or Hu Qiheng, Academia 
Sinica, Beijing, China, phone 232013. 


VLSI 89, Int’l Conf. on Very Large 
Scale Integration, Aug. 16-18, Munich. 
West Germany. Cosponsor: IFIP. Contact 
VLSI 89, Siemens AG, Otto-Hahn-Ring 6, 
8000 Munich 83, Federal Republic of Ger¬ 
many, phone 49 (89) 63-64-60-38.; or R. Pi- 
loty, Inst, fur Datentechnik, Merkstr. 29, 
Darmstadt, F.R.G., phone 49 (6151) 162-076. 


Crypto 89, Aug. 20-24, Santa Barbara, Calif. 
Sponsor: Int’l Assoc, for Cryptologic Re¬ 
search. Contact Kevin McCurley, IBM Re¬ 
search, K53/802, 650.Harry Rd„ San Jose, CA 


95120-6099, phone (408) 927-1708. 

IJCAI 89, 11th Int’l Joint Conferences on 
Artificial Intelligence, Aug. 20-26, Detroit. 
Sponsors: Int’l Joint Conferences on Artificial 
Intelligence. Inc., AAAI. Contact Wolfgang 
Bibel, Computer Science, Univ. of British Co¬ 
lumbia, 6356 Agricultural Rd., Vancouver, 
B.C., V6T 1W5, Canada, phone (604) 228- 
3061. 

Beijing Int’l Symp. for Young Computer 
Professionals, Aug. 21-23, Beijing. Sponsors: 
China Assoc, for Science and Technology, 
Chinese Computer Federation. Contact Siping 
Zhang, Inst, of Computing Technology, Aca¬ 
demia Sinica, PO Box 2704, Beijing, China 
100080. 


Working Conf. on Engineering for Human- 
Computer Interaction, Aug. 21-25, Napa 
Valley, Calif. Sponsor: IFIP. Contact Leonard 
Bass, Software Engineering Inst., Carnegie 
Mellon Univ., Pittsburgh, PA 15213-3890; or 
Claus Unger, Praktische Informatick II, Univ. 
of Hagen, Feithstr 140, D-5800 Hagen, West 
Germany. 


28th Technical Symp.: Aug. 24, Gaithers¬ 
burg, Md. Sponsors: NIST, Washington, DC, 
chapter of ACM. Contact Milton S. Hess, 
American Management Systems, 1525 Wilson 
Blvd., Arlington, VA 22209, (703) 841-5942. 


ITC 89, Int’l Test Conf., Aug. 27-31, 
NS? Washington, DC. Contact Doris Tho¬ 
mas, ITC 89, PO Box 264, Mt. Freedom, NJ 
07970, phone (201) 895-5260. 


vijl Congress 89, 11th World Computer 
Congress, Aug. 28-Sept. 1, San Fran¬ 
cisco. Sponsor: IFIP. Contact Congress 89, PO 
Box 18-P, Denver, CO 80218, phone (303) 
831-6338; Adrian J. Basili, AT&T, 30 
Knightsbridge Rd.. Piscataway, NJ 08854; or 
Stephen Yau, Univ. of Florida, CIS Dept., Rm. 
301, Gainesville, FL 32611, phone (904) 335- 


September 1989 


ASE 89, Int’l Conf. on Applications of Su¬ 
percomputers in Engineering, Sept. 5-7, 

Southampton, England. Contact Liz Newman, 
Computational Mechanics Inst., Ashurst 
Lodge, Ashurst, Southampton, S04 2AA, 
England, UK, phone 44 (0) 42-12-92-853. 

12th Int’l Conf. on Fault-Tolerant Systems 
and Diagnostics, Sept. 5-7, Prague, Czecho¬ 
slovakia. Sponsor: Czechoslovak Scientific 
and Technical Society. Contact Jan Hlavicka, 
Czech Technical Univ., Dept, of Computers, 
Prague, CSSR. 

ICIP 89, Int’l Conf. on Image Processing, 
Sept. 5-8, Singapore. Sponsors: IEEE Sin¬ 
gapore Section, Nat’l Univ. of Singapore. 
Contact Meeting Planners Pte. Ltd., 100 Beach 
Rd., No. 33-01, Shaw Towers, Singapore 
0718, Republic of Singapore, phone (65) 297- 
2822. 
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CTM Arith 9, Ninth Symp. on Computer 
Arithmetic, Sept. 6-8, Santa Monica, 
Calif. Contact Algirdas Avizienis, Computer 
Science Dept., Univ. of California at Los An¬ 
geles, 4731G Boelter Hall, Los Angeles, CA 
90024, phone (213) 825-3028. 


Seventh Pacific Northwest Software Quality 
Conf., Sept. 11-12, Portland, Ore. Contact 
Dick Hamlet, Computer Science Dept., Port¬ 
land State Univ., PO Box 751, Portland, OR 
97207-0751. 


European Software Engineering Conf., 
Sept. 11-15, Warwick, England. Sponsor: 
British Informatics Society Limited. Contact 
BISL, 13 Mansfield St., London W1M 0BP, 
UK, phone 01-637-0471. 


OTW Canadian Conf. on Electrical and 
Computer Engineering, Sept. 17-20, 

Montreal. Cosponsor: Canadian Society of 
Electrical Engineering. Contact Paul E. Allard, 
Transportation Development Ctr-Transport 
Canada, 200 Rene-Levesque Blvd. West, Suite 
601, West Tower, Montreal, Que., Canada, 
phone (514) 283-0004. 


Workshop on Unix System Administration, 
Sept. 18-19, Somerset, N.J. Contact Thomas 
V. Pottanat, NYNEX, 500 Westchester Ave., 
2D-4, White Plains, NY 10604, phone (914) 
683-2186; or Thomas M. Raleigh, Bell Com¬ 
munications Research, 445 South St., MRE 
2A-343, Morristown, NJ 07960-1910, phone 
(201) 829-4321. 


Compsac 89, 13th Int’l Computer 
Software and Applications Conf., 
Sept. 18-22, Kissimmee, Fla. Contact IEEE 
Computer Society, 1730 Massachusetts Ave. 
NW, Washington, DC 20036-1903, phone 
(202) 371-1013. 


HCI Int’l 89, Third Int’l Conf. on Human- 
Computer Interaction, Sept. 18-22, Boston. 
Cosponsors: Assoc, of American Publishers et 
al. Contact Michael J. Smith, Industrial Engi¬ 
neering Dept., Univ. of Wisconsin, 1513 Uni¬ 
versity Ave., Madison, WI 53706, phone (608) 
263-6329. 


Network Management and Control Work¬ 
shop, Sept. 19-21, Tarrytown, NY. Sponsors: 
IEEE et al. Contact Ivan Frisch, Center for 
Advanced Technology in Telecommunica¬ 
tions, Polytechnic Univ., 333 Jay St„ 

Brooklyn, NY 11201, phone (718) 260-3050. 

Systems Science X Int’l Conf., Sept. 19-22, 
Wroclaw, Poland. Contact Jerzy Swiatek, 
Technical Univ. of Wroclaw, Inst, of Control 
and Systems Engineering, Janiszewski St. 11/ 
17, 50-370 Wroclaw, Poland. 

Fifth Int’l Conf. on Image Analysis and 
Processing, Sept. 20-22, Positano, Italy. 
Sponsors: Int’l Assoc, for Pattern Recognition 
et al. Contact Gabriella Sanniti di Baja, c/o Is- 
tituto di Cibemetica, C.N.R., 1-80072 Arco Fe¬ 
lice, Naples, Italy, phone 39 (81) 867-1255. 


NY 14611, phone (716) 3,28-2310; or Jon K. 
Edwards, Eastman Kodak, Dept. 434, FI. 1, 
Bldg. 9, Rochester, NY 14650, phone (716) 
726-9222. 


jnv Computational Intelligence 89 Symp., 
Sept. 25-29, Milan, Italy. Cosponsor: 
ACM. Contact Luc Steels, Free Univ. 
Brusselles, Al Lab, Pleinlaan 2, Gelouw K 2 
B-1050, Brussels, Belgium. 


21st Int’l SAMPE Technical Conf., Sept. 26- 

28, Atlantic City, N.J. Sponsor: Society for the 
Advancement of Material and Process Engi¬ 
neering. Contact Marge Smith, SAMPE, PO 
Box 2459, 843 W. Glentana, Covina, CA 
91722, phone (818) 331-0616. 


Third Int’l Workshop on Distributed Algo¬ 
rithms, Sept. 26-28, Nice, France. Contact 
Jean-Claude Bermond, LRI, Bat 490, Univer- 
site Paris-Sud, 91405 Orsay, France. 


OTM Performance Evaluation, Reliability, 
and Exploitation of Computer Sys¬ 
tems, Sept. 26-29, Walbrzych, Poland. Spon¬ 
sors: Polish Informatic Society et al. Contact 
George J. Anders, Stations and Underground 
Section, Electrical Research Dept., Ontario 
Hydro, 800 Kipling Ave., KR 151, Toronto, 
Ont., Canada M8Z 5S4, phone (416) 231- 


yra Second IEEE Workshop on Worksta- 
tion Operating Systems, Sept. 27-29, 

Pacific Grove, Calif. Contact Joseph Boykin, 
Encore Computer, 257 Cedar Hill St., 
Marlborough, MA 01752, phone (617) 460- 
0500. 


27th Allerton Conf. on Communication, 
Control, and Computing, Sept. 27-29, Mon- 
ticello, III. Sponsor: Univ. of Illinois at Ur- 
bana-Champaign. Contact J.V. Medanic or 
P.R. Kumar, Allerton Conf., Coordinated Sci¬ 
ence Lab, Univ. of Illinois, 1101 W. Spring- 
field Ave., Urbana, IL 61801-3082. 


October 1989 


Fourth Knowledge Acquisition for Knowl¬ 
edge-Based Systems Workshop, Oct. 1-6, 

Banff, Canada. Sponsor: American Assoc, for 
Artificial Intelligence. Contact John H. Boose, 
Advanced Technology Center, Boeing Com¬ 
puter Services, 7L-64, PO Box 24346, Seattle, 
WA 98124, phone (206) 865-3253. 


ICCD 89, IEEE Int’l Conf. on Com- 
puter Design, Oct. 2-4, Cambridge, 
Mass. Contact Sumit Das Gupta, IBM, Bldg. 
306, ZIP 3A1, Hopewell Junction, NY 12533, 
phone (914) 894-0540; or Giovannie DeMich- 
eli, Stanford Univ., Center for Integrated Sys¬ 
tems, Rm. 129, Stanford, CA 94305, phone 
(415) 725-3632. 


ASIC Seminar and Exhibit, Sept. 25- 
28, Rochester, N.Y. Contact Lynne M. 
Engelbrecht, 170 Mt. Read Blvd., Rochester, 


CAPE 89, Computer Applications in Pro¬ 
duction Engineering Conf., Oct. 2-5, Tokyo. 
Sponsors: IFIP, IPSJ, JSPE. Contact Business 


Center for Academic Societies of Japan, 2-40- 
14, Hongo, Bunkyo-ku, Tokyo 113, Japan, 
phone 81 (3) 817-5831. 

I-DEAS/CAEDS Users Conf., Oct. 3-5, Cin¬ 
cinnati, Ohio. Sponsor: Structural Dynamics 
Research Corp. Contact Mary Ward, SDRC, 
2000 Eastman Dr., Milford, OH 45150, phone 
(513) 576-2400. 

(CTw Second Int’l Workshop on Software 
Configuration Management, Oct. 3-6, 

Princeton, N.J. Cosponsors: ACM, 
Gesellschaft fur Informatik. Contact Thomas 
Murphy, Siemens Research, 755 College Rd. 
E, Princeton, NJ 08540, phone (609) 734- 
6560. 

1989 IEEE Ultrasonics Symp., Oct. 3-6, 
Montreal. Sponsor: IEEE Ultrasonics, Ferroe- 
lectrics, and Frequency Control Society. Con¬ 
tact Herman van de Vaart, Allied-Signal, Box 
1021R, Morristown, NJ 07960, phone (201) 
455-2482; or Narendra K. Batra, Code 6385, 
Naval Research Lab, Washington, DC, 20375- 
5000, phone (202) 767-3505. 

ITU-COM 89, First World Electronic 
Media Symp., Oct. 3-8, Palexpo, 
Switzerland. Contact ITU-COM 89 Secretar¬ 
iat, Int’l Telecommunication Union, Place des 
Nations, CH-1211 Geneve 20, Switzerland, 
phone 41 (22) 99-5190. 

Fifth Int’l Conf. on Computer-Aided 
Test Processing and Its Applications, 
Oct. 4-6, Cambridge, Mass. Cosponsors: 

INCA et al. Contact John Miller, INCA, PO 
Box 2, Dun Laoghaire, County Dublin, Ire¬ 
land, phone 353 (1) 772-941. 

yjra Workshop on Experiences with Build- 
ing Distributed and Multiprocessor 
Systems, Oct. 5-6, Fort Lauderdale, Fla.. Co¬ 
sponsors: Usenix et al. Contact George W. 
Leach, PO Box 2826, MS LG-129, Largo, FL 
34649-2826, phone (813) 530-2376. 

Eighth Symp. on Reliable Distributed 
Systems, Oct. 10-12, Seattle. Contact 
Jane W.S. Liu, Computer Science Dept., Univ. 
of Illinois, 1101 W. Springfield Ave., Urbana, 
IL 61801-3082, phone (217) 333-6769 or 
0135. 


OTM 14th Conf. on Local Computer Net- 
works, Oct. 10-12, Minneapolis. Con¬ 
tact Ron Rutledge, Martin Marietta Energy 
Systems, Oak Ridge Nat’l Lab, Oak Ridge, 

TN 37831-6271, phone (615) 576-7643. 

Fifth Int’l Software Process Work- 
shop, Oct. 10-13, Kennebunkport, 
Maine. Cosponsors: Rocky Mountain Inst, of 
Software Engineering et al. Contact Dewayne 
Perry, AT&T Bell Labs, Rm. 3D-454, 600 
Mountain Ave., Murray Hill, NJ 07974, phone 
(201) 582-2529. 


Int’l Symp. on Computer Architecture and 
Digital Signal Processing, Oct. 11-14, Hong 
Kong. Sponsor: IEEE. Contact Wan-Chi Siu, 
Electronic Engineering Dept., Hong Kong 
Polytechnic, Hung Horn, Kowloon, Hong 
Kong, phone (852) 3-638344, ext. 496. 
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tojjfc Fourth Int’l Workshop on High-Level 
Synthesis, Oct. 15-19, Kennebunkport, 
Maine. Cosponsor: ACM. Contact Gaetano 
Borriello, Computer Science Dept., FR 35, 
Univ. of Washington, Seattle, WA 98195, 
phone (206) 543-1695. 

Data and Knowledge Systems for 
Manufacturing and Engineering, Oct. 
16-18, Gaithersburg, Md. Cosponsor: ACM. 
Contact Lawrence A. Rowe, Computer Sci¬ 
ence Div.-EECS, Univ. of California, 
Berkeley, CA 94720. 

CSM 89, Conf. on Software Mainte- 
vKz nance, Oct. 16-19, Pensacola, Fla. Con¬ 
tact CSM 89, IEEE Computer Society, 1730 
Massachusetts Ave. NW, Washington, DC 
20036-1903, phone (202) 371-1013; or Wilma 
Osborne, NIST, Bldg. 225, Rm. B266, Gaith¬ 
ersburg, MD 20899, phone (301) 975-3339. 


First Int’l Conf. on Artificial Neural Net¬ 
works, Oct. 17-18, London. Sponsor: Institu¬ 
tion of Electrical Engineers. Contact Conf. 
Services, IEE, Savoy PI., London WC2R 0BL, 
UK, phone 44 (1) 24-01-871. 


Eighth Int’l Conf. on Entity-Relationship 
Approach, Oct. 18-20, Toronto. Sponsor: ER 
Inst. Contact Frederick H. Lochovsky, Com¬ 
puter Science Dept., Univ. of Toronto, Stan¬ 
ford Fleming Bldg., 10 King’s College Circle, 
Toronto, Ont. M5S 1A4, Canada, phone (416) 
978-7441. 


Second Int’l Conf. on Solid State and Inte¬ 
grated Circuit Technology, Oct. 22-28, Bei¬ 
jing. Sponsors: Univ. of California Extension, 
Berkeley, and the Chinese Inst, of Electronics. 
Contact Linda Reid, Continuing Education in 
Engineering, Univ. of California Extension, 
2223 Fulton St., Berkeley, CA 94720, phone 
(415) 642-4151. 


IEEE Int’l Workshop on Tools for Ar- 
tificial Intelligence, Oct. 23-25, 

Fairfax, Va. Contact Nikolas G. Bourbakis, 
Machine Vision Research Lab, ECE Dept, 
SITE, George Mason Univ., 4400 University 
Dr., Fairfax, VA 22030, phone (703) 425- 
3930. 


(qv Int’l Workshop on Defect and Fault 
Tolerance in VLSI Systems, Oct. 23- 
25, Tampa, Fla. Contact Charles H. Stapper, 
Dept. A23, Bldg. 861-1, IBM, Essex Junction, 
VT 05452, phone (802) 769-6655. 


Pacific Grove, Calif. Cosponsors: Naval Post¬ 
graduate School, San Jose State Univ. Contact 
John T. Rickard, Orincon, 9363 Towne Centre 
Dr., San Diego, CA 92121, phone (619) 455- 
5530. 


Third IF AC Workshop on Experience 
^*5’ with the Management of Software 
Projects, Oct. 30-Nov. 1, West Lafayette, Ind. 
Cosponsors: Purdue Univ. et al. Contact 
Frederic J. Mowle, School of Electrical Engi¬ 
neering, Purdue Univ., West Lafayette, IN 
47907, phone (317) 494-3440. 


ISCIS 4, Fourth Int’l Symp. on Computer 
and Information Sciences, Oct. 30-Nov. 1, 

Cesme, Turkey. Contact Asuman Dogac, 
Computer Engineering Dept., Middle East 
Technical Univ., 06531 Ankara, Turkey. 


CIPS Edmonton 89, Oct. 30-Nov. 1, Edmon¬ 
ton, Alta., Canada. Sponsor: Canadian Infor¬ 
mation Processing Society. Contact Wayne A. 
Davis, Computing Science Dept., Univ. of Al¬ 
berta, Edmonton, Alta., Canada T6G 2H1, 
phone (403) 492-3976. 


FedCASE 89, Federal CASE Conf., 
Oct. 30-Nov. 2, Gaithersburg, Md. 
Sponsor: Nat’l Inst, of Standards and Technol¬ 
ogy. Contact Margaret H. Law or Wilma M. 
Osborne, NIST, Technology Bldg., Gaithers¬ 
burg, MD 20899. 


FOCS 89, 30th Foundations of Com- 
puter Science Conf., Oct. 30-Nov. 3, 
Research Park, N.C. Contact Christos Papa- 
dimitriou, Computer Science Dept., Univ. of 
California at San Diego, La Jolla, CA 92093, 
phone (619) 534-2086; or FOCS 89, IEEE 
Computer Society, 1730 Massachusetts Ave. 
NW, Washington, DC 20036-1903, phone 
(202) 371-1013. 


November 1989 


Ninth Symp. on Small Computers in 
the Arts, Nov. 3-5, Philadelphia, Pa. 
Cosponsor: Small Computers in the Arts Net¬ 
work. Contact Dick Moberg, 338 S. Quince 
St., Philadelphia, PA 19107, phone (215) 834- 
1511. 


1989 Beijing Int’l Conf. on System Simula¬ 
tion and Scientific Computing, Oct. 23-26, 

Beijing, China. Sponsors: Society for Com¬ 
puter Simulation et al. Contact Wen Chuan- 
Yuan, Beijing Inst, of Aeronautics and Astro¬ 
nautics, Beijing, China. 

Second Int’l Symp. on Artificial Intelli¬ 
gence, Oct. 23-27, Monterrey, Mexico. Con¬ 
tact Francisco J. Cantu, Inst. Tecnologico de 
Monterrey, ITESM Sue. Correos “J,” Monter¬ 
rey, N.L., Mexico 64849, phone 52 (83) 58- 
20-00. 


23rd Asilomar Conf. on Signals, Sys- 
' terns, and Computers, Oct. 30-Nov. 1, 


(£jj> ICCAD 89, IEEE Int’l Conf. on Com- 
NS7 puter-Aided Design, Nov. 6-9, Santa 
Clara, Calif. Cosponsor: IEEE Circuits and 
Systems Society. Contact Andrezej J. 
Strojwas, ECE Dept., Carnegie Mellon Univ., 
Pittsburgh, PA 15213-3890, phone (412) 268- 
3530; or IEEE Computer Society, 1730 Mas¬ 
sachusetts Ave. NW, Washington, DC 20036- 
1903, phone (202) 371-1013. 

GOMAC 89, Government Microcircuit Ap¬ 
plications Conf., Nov. 7-9, Orlando, Fla. 
Sponsors: US Dept, of Energy et al. Contact 
Randolph A. Reitmeyer, Electronics Technol¬ 
ogy and Devices Lab., Attn.: SLCET-I, Ft. 


Monmouth, NJ 07703-5000, phone (201) 544- 
3465. 


Fifth Int’i Congress on Advances in Non¬ 
impact Printing Technologies, Nov. 12-17, 
San Diego, Calif. Sponsor: Society for Imag¬ 
ing Science and Technology. Contact Wayne 
Jaeger, Tektronix, PO Box 500, MS 50-321, 
Beaverton, OR 97077, phone (503) 627-6714. 

Prociem 89, Second Conf. on Productivity 
through Computer Integrated Engineering 
and Manufacturing, Nov. 13-15, Orlando, 
Fla. Sponsor: Florida High Technology and 
Industry Council. Contact Vince Amico, Univ. 
of Central Florida, College of Extended Stud¬ 
ies, PO Box 25000, Orlando, FL 32816, phone 
(407) 275-2123. 

IFIP Int’l Workshop on Applied Formal 
Methods for Correct VLSI Design, Nov. 13- 
16, Leuven, Belgium. Cosponsors: IFIP, In¬ 
teruniversity Micro Electronics Center. Con¬ 
tact Luc Claesen, IMEC vzw, Kapeldreef 75, 
B-3030 Leuven, Belgium phone 32 (16) 281- 
203. 


Supercomputing 89, Nov. 13-17, Reno, 
Nev. Cosponsor: ACM. Contact F. Ron 
Bailey, MS 258-5, NASA Ames Research 
Center, Moffett Field, CA 94035, phone (415) 
694-4500. 

Semiconductor Manufacturing Conf., Nov. 
14-15, Phoenix. Sponsor: Society of Manufac¬ 
turing Engineers. Contact Karen L. Kammerer, 
Technical Committee Projects Dept., SME, 1 
SME Dr., PO Box 930, Dearborn, MI 48121, 
phone (313) 271-1500. 

13th Western Educational Computing 
Conf., Nov. 16-17, Burlingame, Calif. Spon¬ 
sor: California Educational Computing Con¬ 
sortium. Contact Judah Rosenwald, Extended 
Education, NAD 153, San Francisco State 
Univ., 1600 Holloway, San Francisco, CA 
94132, phone (415) 338-1212. 

AIDA 89, Fifth Conf. on Artificial Intelli¬ 
gence and Ada, Nov. 16-17, Fairfax, Va. Co¬ 
sponsors: George Mason Univ., Inst, for De¬ 
fense Analyses, Software Productivity Consor¬ 
tium. Contact AIDA 89, Computer Science 
Dept., George Mason Univ., 4400 University 
Dr., Fairfax, VA 22030, phone (703) 323- 
2713. 


Tencon 89, IEEE Region 10 Conf., Nov. 22- 
24, Bombay, India. Sponsor: IEEE Bombay 
Section. Contact Kirit J. Sheth, Hakotronics 
Pvt. Ltd., Victoria Gardens, Bombay 400 027, 
India, phone 91 (22) 872-2888. 


IEEE Workshop on Interpretation of 
3D Scenes, Nov. 27-29, Austin, Texas. 
Contact Anil K. Jain, Computer Science Dept., 
Michigan State Univ., East Lansing, MI 
48824, phone (517) 353-5150. 


December 1989 
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Society for Computer Simulation et al. Con¬ 
tact Sallie Sheppard, Office of Associate Pro¬ 
vost, 103 Academic Bldg., Texas A&M Univ., 
College Station, TX 77843, phone (512) 845- 
3210; or Philip Heidelberger, IBM Research 
Div., T.J. Watson Research Center, Haw¬ 
thorne, PO Box 704, Yorktown Heights, NY 
10598, phone (914) 789-7156. 

Fifth Aerospace Computer Security 
>§✓ Applications Conf., Dec. 4-8, Tucson, 
Ariz. Contact Marshall Abrams, Mitre Corp., 
7525 Colshire Dr., McLean, VA 22102, phone 
(703) 883-6938. 

First Int’l Conf. on Deductive and 
Object-Oriented Databases, Dec. 4-6, 

Kyoto, Japan. Cosponsors: Information 
Processing Society of Japan et al. Contact 
Won Kim, MCC, 3500 W. Balcones Center 
Dr., Austin, TX 78759, phone (512) 343-0860; 
Jean-Marie Nicholas, ECRC Arabellastr. 17, 
8000 Munich 81, FRG, phone 49 (89) 926-99- 
110; or Shojiro Nishio, Information and Com¬ 
puter Sciences Dept., Faculty of Engineering 
Science, Osaka Univ., Toyonaka, Osaka, 560 
Japan, phone 81 (6) 853-5737. 

10th Real-Time Systems Symp., Dec. 
vA/ 5-7, Los Angeles. Contact Al Mok, 
Computer Science Dept., TAY 3-140C, Univ. 
of Texas, Austin, TX 78712, phone (512) 471- 
9542. 

fjgjjk Sigsoft 89, Third Testing, Analysis, 
and Verification Symp., Dec. 6-8, Key 

West, Fla. Cosponsor: ACM. Contact Richard 
A. DeMillo, Purdue Univ., Computer Science 
Dept., West Lafayette, IN 47907, phone (317) 
494-7823. 

Third Int’l Workshop on Petri Nets 
and Performance Models, Dec. 11-13, 

Kyoto, Japan. Cosponsors: Society of Instru¬ 
ment and Control Engineers et al. Contact 
Shojiro Nishio, Information and Computer 
Sciences Dept., Faculty of Engineering Sci¬ 
ence, Osaka Univ., Toyonaka, Osaka, 560 Ja¬ 
pan, phone 81 (6) 853-5737. 

Fourth SIAM Conf. on Parallel Processing 
for Scientific Computing, Dec. 11-13, Chi¬ 
cago. Sponsor: Society for Industrial and Ap¬ 
plied Mathematics. Contact SIAM Conf. Coor¬ 
dinator, 117 S. 17th St., 14th Floor, Philadel¬ 
phia, PA 19103-5052, phone (215) 564-2929. 

Int’l Conf. on CAD/CAM and Ad- 
^=7 vanced Manufacturing Technology, 
Dec. 19-21, Jerusalem, Israel. Cosponsor: Is¬ 
rael Society for CAD/CAM. Contact Lawrence 
R. Odess, Ortra, PO Box 50432, 61500 Tel 
Aviv, Israel, phone 972 (3) 971-3991 or 664- 
825. 

Ninth Conf. on Foundations of Software 
Technology and Theoretical Computer Sci¬ 
ence, Dec. 19-21, Bangalore, India. Contact 
C.E. Veni Madhavan, Tata Research Develop¬ 
ment and Design Center, 1 Mangaldas Rd., 
Pune 411001, India, phone (212) 662-453. 

Sixth Israeli Conf. on Artificial Intelligence 
and Computer Vision, Dec. 26-27, Tel Aviv. 
Sponsor: Information Processing Assoc, of Is- 


January 1990 


frKfr HICSS 23, 23rd Hawaii Int’l Conf. on 
System Sciences, Jan. 3-6, Kona, Ha¬ 
waii. Cosponsor: ACM. Contact Luqi, Com¬ 
puter Science Dept., Naval Postgraduate 
School, Monterey, CA 93943, phone (408) 
646-2735. 

Int’l Conf. on Wafer Scale Integration, Jan. 
23-26, San Francisco. Contact Joe Brewer, 

351 White Cedar Ln., Sevema Park, MD 
21146, phone (301) 765-1247. 


February 1990 


Sixth Int’l Conf. on Data Engineering, 
Feb. 5-9, Los Angeles. Contact Joseph 
E. Urban, College of Engineering, Univ. of 
Miami, PO Box 248294, Coral Gables, FL 
33124, phone (305) 284-2404. 

Eurasip Workshop on Neural Networks, 
Feb. 15-17, Sesimbra, Portugal. Cosponsors: 
European Assoc, for Signal Processing, IEEE, 
Institute de Engenharia de Sistemas e Compu- 
tadores. Contact Luis B. Almeida, INESC, 
Apartado 10105, P-1017 Lisboa Codex, Portu¬ 
gal, phone 351 (1) 544-607. 

(^4^) Compcon Spring 90, Feb. 26-Mar. 2, 

San Francisco. Contact Kenichi Miura, 
Computational Research Dept., MS B2-7, 
Fujitsu America, 3055 Orchard Dr., San Jose, 
CA 95134-2017, phone (408) 432-1300, ext. 
5408 or 5723. 

Third Int’l Software for Strategic Sys- 
terns Conf., Feb. 27-28, Huntsville, Ala. 
Cosponsors: IEEE Computer Society 
Huntsville Chapter, Univ. of Alabama in 
Huntsville, Continuing Education Div., Tom 
Bevill Center 285, Huntsville, AL 35899, 
phone (800) 448-4035 or (205) 895-6372. 


tfijl IEEE Int’l Conf. on Computer Lan- 
guages. Mar. 12-16, New Orleans. Con¬ 
tact Boumediene Belkouche, Computer Sci¬ 
ence Dept., Tulane Univ., 301 Stanley Thomas 
Hall, New Orleans, LA 70118, phone (504) 
865-5840. 

IPCCC, Ninth IEEE Int’l Phoenix 
Conf. on Computers and Communica¬ 
tions, Mar. 21-23, Scottsdale, Ariz. Cospon¬ 
sor: IEEE Communications Society. Contact 
Forouzan Golshani, Computer Science Dept., 
Arizona State Univ., Tempe, AZ 85287, phone 
(602) 965-2855. 

ICSE 12, 12th Int’l Conf. on Software 
V47 Engineering, Mar. 26-30, Nice, France. 
Cosponsors: ACM et al. Contact Francois-Re- 
gis Valette, CERT/DERI, PO Box 4026-2, 
Ave. Edouard Belin-31055 Toulouse, France, 
phone (33) 61-55-71-11; ICSE 12, AFCET, 
156 Bd. Pereire, 75017 Paris, France; or IEEE 
Computer Society, 1730 Massachusetts Ave. 
NW, Washington, DC 20036-1903, phone 
(202) 371-1013. 

1990 Int’l Conf. on Extending Data- 
base Technology, Mar. 26-30, Venice, 
Italy. Cosponsors: EDBT Foundation et al. 
Contact Michael L. Brodie, Intelligent Data¬ 
base Systems Dept., GTE Labs, 40 Sylvan 
Rd., MS 62, Waltham, MA 02254, phone 
(617) 466-2256. 


April 1090 


March 1990 

Parbase 90, Int’l Conf. on Databases, Paral¬ 
lel Architectures, and their Applications, 
March 6-9, Miami Beach. Sponsors: Florida 
Int’l Univ. et al. Contact Parbase 90, School of 
Computer Science, Florida Int’l Univ., Miami, 
FL 33199, phone (305) 554-3429 or 3386. 

EDAC 90, European Design Automa- 
tion Conf., Mar. 12-15, Glasgow, Scot¬ 
land. Contact Gordon Adshead, ICL, 26 Al¬ 
bany St., Edinburgh, EH1 3QH, UK, phone 44 
(61) 223-1207. 


35th Int’l SAMPE Symp., Apr. 2-5, 

Anaheim, Calif. Sponsor: Society for the Ad¬ 
vancement of Material and Process Engineer¬ 
ing. Contact Marge Smith, SAMPE, PO Box 
2459, 843 W. Glentana, Covina, CA 91722, 
phone (818) 331-0616. 

First Int’l Conf. on Systems Integra- 
tion, Apr. 23-26, Morristown, N.J. Co¬ 
sponsors: New Jersey Inst, of Technology et 
al. Contact Peter A. Ng, Computer and Infor¬ 
mation Science Dept., New Jersey Inst, of 
Technology, Newark, NJ 07102, phone (201) 
596-3387. 

COIS 90, Conf. on Office Information 
Systems, Apr. 25-27, Cambridge, Mass. 
Cosponsor: ACM. Contact Robert B. Allen, 
2A-367, Bellcore, 445 South St., Morristown, 
NJ 07960-1910, phone (201) 829-4280 or 
4315. 


May 1990 

10th IEEE Symp. on Mass Storage 
Systems, May 6-10, Monterey, Calif. 
Contact Bernard T. O’Lear, NCAR, PO Box 
3000, Boulder, CO 80307, phone (303) 497- 
1268. 
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10th INTERNATIONAL CONFERENCE ON 


CALL FOR PAPERS 



Rally’s Park Place Hotel 

Atlantic City, New Jersey, June 17-21, 1990 


Sponsored by the International Association for Pattern Recognition and the IEEE Computer Society 

Papers are solicited for the 10th International Conference on Pattern Recognition which will be organized as a set of 4 specialty conferences, 
each dealing with a different topic but held in the same place at the same time. The opening session as well as all social events will be common to 
the four conferences. The program for each individual conference will be organized by its own program committee under leadership of a 
Program Chairman. 

The titles of the individual conferences and their Program Chairmen are: 

• Computer Vision: Prof. J. K. Aggarwal • Image, Speech and Signal Processing: Dr. Arun Netravali 

• Pattern Recognition Systems and Applications: Prof. R. M. Haralick ■ Computer Architectures for Vision and Pattern Recognition: Dr. Jorge Sanz 
Each conference will consist of a single track of paper presentations, with its papers published as a separate proceedings volume. There will be a 
basic registration fee which will entitle a participant to attend one conference of choice and to receive its proceedings. For small supplementary 
fees, attendees will be able to attend (and receive the proceedings for) any of the other conferences as well. 

Each conference will have about 50 quality paper presentations, as well as panel discussions and poster displays. Based on previous conferences, a 
total attendance of close to 1000 persons is expected from all over the world. 


GENERAL CONFERENCE COMMITTEE 

General Chairman: Dr. Herbert Freeman, CAIP Center, Rutgers Uni¬ 
versity, PO Box 1390, Piscataway, NJ 08855-1390 (USA); Tel: (201) 
932-3443; FAX: (201) 932-4775. 

Vice-Chairman: Dr. Ruzena Bajcsy, University of Pennsylvania. 
Program Coordinator: Dr. John Jarvis, Room 4B601, AT&T Bell Lab¬ 
oratories, Holmdel, NJ 07733 (USA) Tel: (201) 949-2392; FAX: (201) 
949-0399. 

Local Arrangements: Dr. David G. Daut, Rutgers University, NJ. 


INDIVIDUAL CONFERENCE DESCRIPTIONS: 

Computer Vision 

Prof. J. K. Aggarwal, Computer and Vision Research Center, Electrical 
& Computer Engineering, The University of Texas, Austin, Texas 78712, 
U.S.A. 

Topics: 3D Representation and recognition, stereo; Shape from (shad- * 
ing, texture,...); Vision, real world scenes; Al in vision systems; Motion; 
Visual navigation; Machine vision. 

Pattern Recognition Systems and Applications 

Prof. R. M. Haralick, Dept, of Electrical Engineering, FT-10, University 
of Washington, Seattle, WA 98195, U.S.A. 

Topics: Early vision, segmentation and edge detection; Statistical, syn¬ 
tactic and Al pattern recognition algorithms; Color and multispectral 
classification; Multiresolution methods; Character recognition. 

Image, Speech and Signal Processing 

Dr. Arun Netravali, Room 3D406, AT&T Bell Laboratories, 600 Moun¬ 
tain Ave., Murray Hill, NJ 07974, U.S.A. 

Topics: Image enhancement and restoration; Image coding; Signal pro¬ 
cessing; Speech recognition; Image geometry; Image representations 
and data structures. 

Computer Architectures for Vision and Pattern Recognition* 

Dr. Jorge Sanz, K53-802, IBM Almaden Research Center, 650 Harry Rd., 
San Jose, CA 95120, U.S.A. 

Topics: Vector, mesh, hypercube systems; Loosely and tightly coupled 
multiprocessors; Shared memory systems; Languages for image, sig¬ 
nal and vision processing on such processors. 

*This conference replaces what would have been the 1990 IEEE Com¬ 
puter Society Workshop on Computer Architectures for Pattern Anal¬ 
ysis and Machine Intelligence (CAPAMI). 


INFORMATION FOR CONTRIBUTORS 

Papers must be cleanly typed and in English. Four (4) copies of each 

paper, complete and in final form, are to be submitted. Each paper 

should be securely stapled in the upper left-hand corner and should 

consist of the following: 

• Cover page, containing: a) Title of the paper; b) Name, affiliation, 
and mailing address of author(s); c) Name of conference for which 
paper is being submitted, i.e., Computer Vision, Pattern Recogni¬ 
tion Systems and Applications, Image Speech and Signal Processing, 
or Computer Architectures Vision and Pattern Recognition; d) The 
signed statement: "Neither this paper nor any version close to it 
has been or is being offered for publication elsewhere. If accepted, 
the paper will be personally presented at the designated 10ICPR 
conference by the author or one of the co-authors." 

• Abstract page (page 2 of paper), containing a 100-word abstract of 
the paper. 

• Text of the complete paper (beginning on page 3), complete with 
any illustrations. 

• All pages should show the author's name (first author's if more 
than one author) in the upper left-hand corner, and the pages should 
be consecutively numbered in the upper right corner. 

• Papers should be sent by airmail or courier service to arrive no later 
than 30 September 1989 to the Program chairman of the con¬ 
ference best matching the content of the paper. The Program 
Chairmen and Coordinator may reassign papers to other confer¬ 
ences based on subject matter to maintain consistency of the con¬ 
tents of each track. 

• All papers will be reviewed. Authors will be notified as to accep¬ 
tance by 15 January 1990. For accepted papers, camera-ready copy 
will be due to proceedings editor by 1 March 1990. 


FOR AN ADVANCE PROGRAM CONTACT: 

10th International Conference on Pattern Recognition, Conference 
Department, IEEE Computer Society, 1730 Massachusetts Avenue, N.W., 
Washington, DC 20036-1903, U.S.A.; Telephone: (202) 371-1013; Fax: 
(202)728-9614. 
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IEEE COMPUTER SOCIETY 

Membership Department 
10662 Los Vaqueros Circle 
Los Alamitos, CA 90720 
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CompEuro 90, IEEE Int’l Conf. on 
Computer Systems and Software En¬ 
gineering, May 7-9, Tel Aviv. Cosponsors: 
IEEE, Information Processing Assoc, of Israel. 
Contact CompEuro 90 Conference Secretariat, 
c/o ORTRA, POB 50432, Tel Aviv, 61500, Is¬ 
rael, phone 972 (3) 664-825. 

/gfji First Conf. on Visualization in Bio- 
ne? medical Computing, May 22-25, At¬ 
lanta. Cosponsors: Nat’l Science Foundation 
et al. Contact Norberto Ezquerra, Office of In¬ 
terdisciplinary Programs, Georgia Tech, At¬ 
lanta, GA 30332, phone (404) 894-7026 or 
3964. 


70th Int’l Symp. on Multiple-Valued 
Logic, May 23-25, Charlotte, N.C. Co¬ 
sponsors: Microelectronic Center of North 
Carolina et al. Contact George Epstein, Com¬ 
puter Science Dept., Univ. of North Carolina 
at Charlotte, 214 Kennedy Bldg., Charlotte, 
NC 28223, phone (704) 547-4566; or Carolyn 
F. Blalock, Office of Continuing Education, 
Univ. of North Carolina at Charlotte, Char¬ 
lotte, NC 28223, phone (704) 547-4861. 


1990 American Control Conf., May 23-25, 

San Diego, Calif. Sponsor: American Auto¬ 
matic Control Council. Contact Dagfinn 
Gangsaas, Boeing Advanced Systems, PO Box 
3707, MS 33-12, Seattle, WA 98124-2207, 
phone (206) 241-4348. 


17th Int’l Symp. on Computer Archi¬ 
val tecture, May 28-31, Seattle. Cosponsor: 
ACM. Contact Jean L. Baer or Larry Snyder, 
Univ. of Washington, Computer Science 
Dept., FR-35, Seattle, WA 98195, phone (206) 
543-1695. 


June 1990 

IEEE Infocom 90, Ninth Conf. on 
Computer Communications, June 3-7, 

San Francisco. Cosponsor: IEEE Communica¬ 
tions Society. Contact Infocom 90, IEEE 
Computer Society, 1730 Massachusetts Ave. 
NW, Washington, DC 20036-1903, phone 
(202) 371-1013. 


Ninth Int’l Conf. on Analysis and Optimiza¬ 
tion of Systems, June 12-15, Antibes, France. 
Sponsor: INRIA. Contact Conference Secre¬ 
tariat, INRIA, Service des Relations Exter- 
ieures, Domaine de Voluceau-BP 105, 78153 
Le Chesnay Cedex, France, phone 33 (l)-39- 
63-5500. 


10th Int’l Conf. on Pattern Recogni- 
N Sp tion, June 17-21, Atlantic City, NJ. 
Contact Herbert Freeman, CAIP Center, 605 
Hill, Rutgers Univ., New Brunswick, NJ 
08903, phone (201) 932-4208. 

DAC 90, 27th Design Automation 
Conf., June 20-29, Orlando, Fla. Co¬ 
sponsor: ACM. Contact Pat Pistilli, MP Asso¬ 
ciates, 7490 Clubhouse Rd., Suite 102, Boul¬ 
der, CO 80301, phone (303) 530-4333. 


iSj^NECC 90, 11th Nat’l Educational 
vAx Computing Conf., June 25-27, Nash¬ 
ville, Tenn. Cosponsor: Int’l Council for Com¬ 
puters in Education. Contact John D. McGre¬ 
gor, Computer Studies Dept., Murray State 
Univ., Murray, KY 42071, phone (502) 762- 
2614. 


20th Int’l Symp. on Fault Tolerant 
Computing, June 26-28, Newcastle 
upon Tyne, England. Contact Neil Speirs, 
Computing Lab, Univ. of Newcastle upon 
Tyne, Newcastle upon Tyne, NE1 7RU, UK, 
phone 44 (91) 232-8511. 


July 1990 


(Qjl Second Int’l Symp. on Databases in 
vi? Parallel and Distributed Systems, July 
2-4, Dublin, Ireland. Cosponsor: ACM. Con¬ 
tact Rakesh Agrawal, AT&T Bell Labs, Rm. 
3D450, 600 Mountain Ave., Murray Hill, NJ 
07974, phone (201) 582-2250; or David Bell, 
Inst, of Informatics, Univ. of Ulster, Jordan- 
stown, County Antrim, Northern Ireland 
BT370QB, phone (0232) 365-131. 


ICALP 90, 17th Int’l Colloquium on Auto¬ 
mata, Languages, and Programming, July 
16-20, Coventry, England. Sponsor: Int’l 
Computers, Ltd. Contact Computer Science 
Dept., Univ. of Warwick, Coventry CV4 7AL, 
UK, phone 44 (203) 523-194. 

DIAC 90, Directions and Implications of 
Advanced Computing, July 28, Boston. 
Sponsor: Computer Professionals for Social 
Responsibility. Contact Douglas Schuler, Boe¬ 
ing Computer Services, MS 7L-64, PO 24346, 
Seattle, WA 98124-0346, phone (206) 865- 
3226. 


August 1990 

Coling 90, 13th Int’l Conf. on Computa¬ 
tional Linquistics, Aug. 20-25, Helsinki, Fin¬ 
land. Contact Hans Karlgren, KVAL, 
Skeppsbron 26, S-lll 30 Stockholm, Sweden, 
phone 46 (8) 789-6683. 


November 1990 

ICCC 90, 10th Int’l Conf. on Computer 
Communication, Nov. 5-9, New Delhi, India. 
Sponsor: Int’l Council on Computer Commu¬ 
nication. Contact P.P. Gupta, CMC Ltd., 1 
Ring Rd., Kilokri, New Delhi-110 014, India. 

22nd Int’l SAMPE Technical Conf., Nov. 6- 
8, Boston. Sponsor: Society for the Advance¬ 
ment of Material and Process Engineering. 
Contact Marge Smith, SAMPE, PO Box 2459, 
843 W. Glentana, Covina, CA 91722, phone 
(818) 331-0616. 
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IEEE COMPUTER SOCIETY 
Membership / Subscription Application 




THE INSTITUTE OF ELECTRICAL AND 
ELECTRONICS ENGINEERS. INC. 


BENEFITS 



Computer 

Computer comes automatically 
with membership. Written, 
reviewed, and refereed by 
experts, it features survey and 
tutorial articles covering the 
entire computer field, and 
departments such as new 
products, new product reviews, 
standards, and a reader forum 
called "The Open Channel," 
(monthly). 


Technical Committees 

Participate in one or more of our 33 technical 
committees — networks of professionals with common 
interests in specialty areas within computer hardware, 
software, and applications. 

Standards Working Groups 
Participate in the development of the more than 100 
standards projects currently sponsored by the society 
in such diverse areas as software engineering, local 
area networks, microprocessor buses, design automa¬ 
tion, programming languages, and standards 
definitions. 

Computer Society Press Books 

Receive discounts of up to 50% on over 600 titles 
covering a broad spectrum of computer science topics 
such as networking, communications, advanced 
systems, image processing, security, artificial 
intelligence, and design automation. Over 60 new titles 
are published annually. 

Conferences and Tutorials 
Choose from more than 100 conferences annually, 
ranging from large industry-oriented conferences 
replete with exhibits to small, highly interactive 
workshops. Members receive special low rates. 


- To join: see item 1,2, or 3. 

Schedule Of Fees To subscribe: see item 4. 

Membership dues and periodical subscriptions are annualized to, 
and expire on, December 31. Choose full or half-year rate schedules 
depending on date of receipt by the Computer Society Half Year Full Year 
as indicated below._Mar 1-Aug 31 Sept 1-Feb 28 


I don’t belong to the IEEE and I want 
to join just the Computer Society 


□ $19.50 □ $39.00 


) I don’t belong to the IEEE and I want 
■ to join both the Computer Society and the IEEE’ 

(Total amount to be paid includes annual dues, and regional 

I reside in Region 1-6 (United States). 

I reside in Region 7 (Canada).. 

I reside in Region 8 (Europe, Africa, orthe Middle East) 

I reside in Region 9 (Latin America). 

I reside in Region 10 (Asia and Pacific). 

*ACM members who join both IEEE and the Computer Society 
full-year rate; $2.50 off the half-year rate. 


assessment, if any.) 

□ $44.00 □ $88.00 

□ $41.00 □ $82.00 

□ $41.50 □ $83.00 

□ $36.00 □ $72.00 

□ $37.00 □ $74.00 
may deduct $5 off the 


( I already belong to the IEEE and I want 
to join the Computer Society. 

IEEE Member Number_ 


□ $ 7.50 □ $15.00 


I OPTIONAL PERIODICALS for new or current members 


IEEE Computer Graphics and Applications (3061) 6 

IEEE Design and Test (3111) .6 

IEEE Expert (3151) .4 

IEEE Micro (3071) .6 

IEEE Software (3121) .6 

Transactions on Computers (1161) .12 

^e'N Transactions on Knowledge and 

S9<^ 9 Data Engineering (1471) .4 

Transactions on Pattern Analysis and 

Machine Intelligence (1351) .12 

Transactions on Software Engineering (1171) .12 

Total amount remitted with this application 


□ 

$ 9.50 

□ 

$19.00 

□ 

$10.00 

□ 

$20.00 

□ 

$ 6.00 

□ 

$12.00 

□ 

$ 9.00 

□ 

$18.00 

D 

$ 9.00 

□ 

$18.00 

□ 

$10.00 
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$20.00 

□ 

$ 5.00 

□ 

$10.00 

□ 

$10.00 

□ 

$20.00 
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$10.00 

□ 

$20.00 


□ Visa □ Master Card □ American Express □ Eurocard □ Diners Club Mo - I Yr. 
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Charge Card Number Exp. Date 


id the society’s constitutions, bylaws, and statements of 


MAILING ADDRESS 


EDUCATION (highest lei 


Return with your remittance to: IEEE Computer Society, 10662 Los Vaqueros Circle, Los Alamitos, CA 90720-2578 USA pi 

Residents of Europe mail to: IEEE Computer Society, 13, Avenue de I’Aquilon, B-1200, Brussels, BELGIUM 

Asia/Pacific residents mail to: IEEE Computer Society, Ooshima Building, 2-19-1 Minami-Aoyama, Minato-ku, Tokyo 107 JAPAN 
















































CAREER OPPORTUNITIES 


RATES: $12.00 per line, $120 
minimum charge (up to ten lines). 
Average five typeset words per line, eight 
lines per column inch. Add $10 for box 
number. Send copy at least one month 
prior to publication to: Heidi Rex or 
Marian Tibayan, Classified Advertis¬ 
ing, COMPUTER Magazine, 10662 Los 
Vaqueros Circle, Los Alamitos, CA 
90720; (714) 821-8380. 


THE UNIVERSITY OF AUCKLAND, 
NEW ZELAND 
Chairs in Computer Science 

Department of Computer Science 

The Department of Computer Science at 
The University of Auckland invites applica¬ 
tions for two chairs. 

Applicants should be qualified Computer 
Scientists whose personal qualities and ex¬ 
perience will enable them to contribute 
significantly to the continuing development 
of Computer Science at Auckland in both 
research and teaching. Preference will be 
given to candidates with an accomplished 
research record and a demonstrated history 
of research administration and liaison with 
industry. 

Commencing salaries will be established in 
the range NZ$76,000-$102,000 per an¬ 
num, having regard for qualifications and ex¬ 
perience of the candidates concerned. 

The precise conditions of appointment are 
subject to negotiation. Further information 
including Standard Conditions of Appoint¬ 
ment and Method of Application are avail¬ 
able from the Assistant Registrar (Academic 
Appointments), University of Auckland. Ap¬ 
plications should be forwarded before the 
closing date of 7 JULY 1989. 

W. B. Nicoll, Registrar 

University of Auckland 

Private Bag 

Auckland, New Zealand 

The University of Auckland 
An Equal Employment Opportunity 
Employer 


SOFTWARE ENGINEER 

To design graphics presentation and data¬ 
base management software for use in com¬ 
plex computer graphics systems. 40 hr/wk, 
$37 K/yr. Required—M.S. Computer Sci¬ 
ence, one year’s experience in like position, 
including 1 years experience with UNIX op. 
system, 1 years experience and 6 credits in 
“C,” 1 years experience and 6 credits in 
computer graphic design (3D/2D), 3 credits 
in assembly lang and 3 credits in data base 
system design. Send resume to New York 
Dept, of Labor, 677 South Salina St., Syra¬ 
cuse, NY 13202. Attention: Interviewer *51, 
Order *NY0002674 DOT.020.062-010. 


UNIVERSITY OF VERMONT 

The Department of Computer Science 
and Electrical Engineering has visiting faculty 
openings for September, 1989, in computer 
science. A doctorate in Computer Science, 
or the equivalent is required. The level of 
assistant or associate professor will be depen¬ 
dent upon the candidates qualifications. The 
responsibilities include teaching in main¬ 
stream computer science at both the under¬ 
graduate and graduate level in two or more 
of the following areas: operating systems, 
computer architecture, analysis of algo¬ 
rithms, computability theory, programming 
languages, language translators, as well as 
the presentation of an advanced graduate 
course or seminar. Computing facilities for 
both teaching and research are extensive. In 
particular, the Division of Engineering, 
Mathematics, and Business Administration 
supports an extensive UNIX-based com¬ 
puting facility, including a DEC VAX-11/ 
780, a DG MV-10000, a Sun 3/280, a Sun 
4/280, and a four-processor Encore 
Multimax, as well as numerous smaller 
machines and workstations, all intercon¬ 
nected by an extensive broadband and 
ethernet network. High technology com¬ 
panies in the area include IBM, DEC, GE 
and Simmonds Precision. The University of 
Vermont is an Affirmative Action Equal Op¬ 
portunity Employer and encourages applica¬ 
tions from women and members of minority 
groups. Applications will be accepted until 
positions are filled. Please send full resume, 
including information on teaching capabili¬ 
ties and research interests, as well as the 
names and addresses of three references to: 
Dr. Kenneth Golden, Chairperson; Univer¬ 
sity of Vermont; Department of Computer 
Science and Electrical Engineering; Votey 
Building; Burlington, VT 05405; (802) 656- 
3330. CSnet: cssearch@uvm.edu USEnet: 

. . . uunetluvm-genlcssearch 


RENSSELAER POLYTECHNIC 
INSTITUTE 

The Computer Science Department in¬ 
vites applications for tenure-track faculty 
positions at all academic ranks. Research, 
visiting and postdoctoral appointments may 
also be available. Applicants should have a 
Ph D. in Computer Science (or a related 
area) and a commitment to excellence in 
teaching and research. Preferred research 
interests are parallel computation, database 
systems, computer graphics, computer vi¬ 
sion, image processing, VLSI systems and 
symbolic computation; however, all areas 
will be considered. The department offers 
B.S., M.S., and Ph.D. degrees in Computer 
Science and has excellent computing facili¬ 
ties. Send resumes and at least three refer¬ 
ences to Joseph E. Flaherty, Chairman, De¬ 
partment of Computer Science, Rensselaer 
Polytechnic Institute, Troy, New York 
12180-3590. Rensselaer is an Equal Oppor¬ 
tunity/Affirmative Action Employer. 


TRINITY COLLEGE 
Computer Science 

Applications are invited for a tenure track 
position in Computer Science in the Depart¬ 
ment of Engineering and Computer Science 
at Trinity College starting in January 1990. 
The position involves undergraduate and 
graduate instruction and research. A doc¬ 
toral degree in Computer Science or equiva¬ 
lent is required. Applicants will be con¬ 
sidered in all areas of computer science that 
complement or strengthen our current cur¬ 
ricular/research programs. We are inter¬ 
ested in receiving applications from qualified 
women and minorities. Trinity College is an 
equal opportunity/affirmative action em¬ 
ployer. Please send resume to Professor 
Joseph D. Bronzino, Chairman, ECS De¬ 
partment, Trinity College, Hartford, CT 
06106. Consideration of applications will 
begin on May 1, 1989 and the search will re¬ 
main open until the position is filled. 


AIR FORCE INSTITUTE 
OF TECHNOLOGY 
Department of Mathematics 
and Computer Science 

Applications are invited for a tenure-track 
position as Assistant or Associate Professor 
of Computer Science. Candidates are 
sought in the area of software engineering 
and/or theoretical computer science. Ap¬ 
plicants are expected to have at least a Ph.D. 
Experience beyond the doctorate degree is 
highly desirable. Duties involve oversight of 
departmental graduaie programs and re¬ 
search activities in addition to maintaining an 
active personal teaching/research/con¬ 
sulting program. Salary for 12 months will 
range from $28,108 to $63,551, depending 
on qualifications. 

The Department of Mathematics and 
Computer Science is one of five academic 
departments in the School of Engineering. 
The Department consists of 19 full-time 
faculty and is responsible for master’s and 
doctoral degree programs in computer/soft¬ 
ware systems and applied mathematics. 
Computational support for classroom and 
research activities are excellent with a 
number of VAX supermini computers, Sun 
workstations, and personal computers. 

Applications should include an Applica¬ 
tion for Federal Employment (SF-171), 
and/or professional vita with the names of 
three professional references. References 
will not be contacted without permission. 
Please send to: Dr. David Umphress, Chair, 
Search Committee, Department of Mathe¬ 
matics and Computer Science, Air Force In¬ 
stitute of Technology, AFIT/ENC, Wright- 
Patterson AFB OH 45433, (513) 255-3098. 
Closing Date: 4 August 1989. 

The Air Force Institute of Technology is an 
Equal Opportunity Affirmative Action 
employer and applications from women and 
minority group members are encouraged. 
U.S. citizenship is required. 
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MEDICAL INFORMATICS 
SPECIALIST 

MEDICAL INFORMATICS SPECIALIST 
needed to develop clinical decision support 
system. Require B.S. degree or equivalent in 
Computer Science, and knowledge of artifi¬ 
cial intelligence in a medical setting, knowl¬ 
edge of medical terminology and processes, 
ability to communicate with physicians in 
order to allow development of medical 
decision-support systems, and experience 
with the 3M medical HELP system. Salary 
$12.45 per hour. 40 hours per week. Job 
order *3935221. Contact Utah Job Service, 
1234 South Main, P.O. Box 11750, Salt 
Lake City, Utah 84147. Equal Opportunity 
Employer. 


DEVELOPMENT ENGINEER II 

A manufacturing and engineering com¬ 
pany of high performance parallel process¬ 
ing systems for the scientific and engineering 
computer market has an immediate need for 
a highly-skilled Development Engineer II to 
take overall technical responsibility for inter¬ 
facing the company’s computer systems to 
Digital Network Architecture (DNA) net¬ 
works. Minimum requirements include at 
least a Master of Science degree in Com¬ 
puter Science or Computer Engineering, 
with coursework in Operating Systems and 
Communications, and 6 months experience 
in porting, developing, maintaining and 
enhancing a modern Local Area Network 
(LAN)-based communications protocol 
(DNA, TCP/IP, orOSI) implementation in a 
UNIX environment and building and de¬ 
bugging UNIX kernels, or a Bachelor of Sci¬ 
ence degree in the same and 2 years of the 
same experience. Also required is: a demon¬ 
strated ability to design and implement com¬ 
munication software; knowledge of modern 
computer communications protocols in 
general and the DNA protocol suite in par¬ 
ticular; fluency in UNIX at the user level; 
fluency in the C programming language; and 
a reading knowledge of Fortran-77. Starting 
salary is $42,000 per year for a 5 day, 40 
hour week, and includes medical, life and 
disability insurance, 2 weeks annual vacation 
and other industry competitive benefits. 
Qualified applicants respond with resume 
only to Job Order *3047757, Job Service 
Technical Unit, Connecticut Department of 
Labor, 200 Folly Brook Blvd., Wethersfield, 
CT 06109. An EOE. 


TECHNICAL GROUP LEADER/ 
COMPUTER CONTROLS 

For a $10 mil. growing division of a public 
company. Division is located in the San 
Francisco area. It designs and fabricates ac¬ 
celerator and beam line components for 
commercial medical accelerators and large 
physics research machines. Candidates re¬ 
quire intimate knowledge of small computer 
systems, hardware and software, as applied 
to real time data acquisition and control. At¬ 
tractive salary and benefits. Contact our 
Consultants: Hergenrather & Company, 
3435 Wilshire Blvd., *1410, Los Angeles, 
CA 90010. Telephone: (213) 385-0181. 
Fax: (213) 383-6325. Refer to Assign. No. 
3759. 


NEW MEXICO TECH 

Applications for tenure-track positions in 
Computer Science are invited. Visiting ap¬ 
pointments will also be considered. Levels 
are open and salaries are competitive. Can¬ 
didates must have Ph.D. in Computer Sci¬ 
ence and demonstrate potential for excel¬ 
lence. All areas of CS will be considered; of 
particular interest are specializations in O.S., 
networks, algorithms, and software areas. 
Duties include teaching, research, thesis 
supervision, and service. New Mexico Tech 
is a scientific and technical institute with 1200 
students. The CS department (offering BS, 
MS, and PhD) has 130 students. There are 
excellent facilities for research/teaching, and 
excellent opportunities to interact with near¬ 
by institutions, including the National Radio 
Astronomy Observatory, and Los Alamos 
and Sandia National Laboratories. Tech is 
located in the Rio Grande Valley with fabu¬ 
lous weather and endless outdoor recrea¬ 
tional opportunities. Send applications to: 
Computer Science Search Committee, Per¬ 
sonnel Office, New Mexico Tech, Campus 
Station Box C-97, Socorro, NM 87801. 
AAEOE. 


UNIVERSITY OF SASKATCHEWAN 
Faculty Positions 
Computational Science 

Applications are sought for a number of 
tenure-track positions commencing July 1, 
1989. It is anticipated that appointments will 
be made at the rank of Assistant Professor, 
although in exceptional situations a case may 
be made for appointment at the rank of 
Associate Professor. Applicants must have a 
Ph.D. in Computer Science or a closely- 
related discipline (or be nearing completion 
of this degree). Candidates in all areas of 
Computer Science are invited: however, 
candidates specializing in database, com¬ 
puter graphics, artificial intelligence, 
systems, VLSI, or theory are especially 
encouraged. 

The University of Saskatchewan services 
16,000 full-time students on an attractive 
campus overlooking the South Saskatche¬ 
wan river in Saskatoon. Computational 
Science is a young, active department of 16 
providing B.Sc., B.Comm., M.Sc., and 
Ph.D. degrees to students in a number of dif¬ 
ferent colleges, along with combined-degree 
programs to students in the College of 
Engineering. The Department’s research 
laboratory provides a wide range of state-of- 
the-art computing facilities, featuring SUN, 
HP, Xerox, and Symbolics workstations on 
an Ethernet LAN. Undergraduate facilities 
include both microcomputer and worksta¬ 
tion networks. 

Although “in accordance with Canadian 
immigration requirements, this advertise¬ 
ment is directed to Canadian citizens and 
permanent residents first”, all qualified ap¬ 
plicants are encouraged to apply. Please 
direct applications or inquiries to: 

Dr. R.B. Bunt, Head 

Department of Computational Science 
University of Saskatchewan 

Saskatoon, Saskatchewan S7N 0W0 
Canada 

phone: (306) 966-4886 
e-mail: bunt@skorpio.usask.ca 


CARNEGIE MELLON UNIVERSITY 
Director of Information 
Technology Center 
School of Computer Science 

The Information Technology Center cre¬ 
ates innovative computer systems aimed at 
accelerating progress towards an informa¬ 
tion-based society. The systems involve 
research innovation but are developed to the 
point that thousands of people use them. 
The ITC employs about 30 computing pro¬ 
fessionals. It began in 1983, primarily funded 
by IBM. It implemented Andrew which pro¬ 
vides a campus-wide file system, a graphical 
user interface, and a comprehensive elec¬ 
tronic mail system. Under a contract from 
the National Science Foundation it has pur¬ 
sued research in multi-media document ex¬ 
change and has created support for the elec¬ 
tronic submission of NSF proposals. 

The Director should be a Computer 
Scientist with the vision to initiate and 
oversee a variety of projects. He or she 
should have the administrative ability to 
manage the entire organization. 

The Information Technology Center is 
part of Carnegie Mellon’s School of Com¬ 
puter Science which also includes a Ph.D. 
program in Computer Science, a Master’s 
degree program in Software Engineering, 
the Robotics Institute, and the Center for 
Machine Translation. Joint appointments in 
these organizations are possible. 

Inquires should be directed to: 

Professor James H. Morris 
School of Computer Science 
Carnegie Mellon University 
Pittsburgh, PA 15213 
412 268-2574 

James.Morris@andrew.cmu.edu 

Carnegie Mellon is an equal opportunity 
employer. 


DIANETICS 

How can you realize your mind’s poten¬ 
tial? Discover and use Dianetics,® the totally 
practical science of the mind, by bestselling 
author L. Ron Hubbard. Order your copy 
today. Call now: 1-800-367-8788. Hard¬ 
back $25.00. Dianetics is a registered 
trademark. 


UNIVERSITY OF SOUTHERN 
CALIFORNIA 

Post Doctoral Research Position 

Electrical Engineering Department, Uni¬ 
versity of Southern California. Temporary 
full time position for two years commencing 
in September 1989, with possibility of exten¬ 
sion contingent upon funding. Salary 
$44,000 to $50,000 per annum, dependent 
on qualifications. Assist in development of 
knowledge based system for design of test¬ 
able digital systems. Ph.D. degree in CS or 
Computer Engineering, research experience 
in VLSI design, testing and design for test, 
and a strong background in software engi¬ 
neering. Send resume to Professor M.A. 
Breuer, Electrical Engineering-Systems De¬ 
partment, University of Southern California, 
Los Angeles, CA 90089-0781. USC is an 
equal opportunity, affirmative action 
employer. 


June 1989 


137 











BOOK REVIEWS 


Editor: Guy Johnson, School ol Computer Science, Rochester Institute of Technology, Rochester, NY 14623. 


Rapid System Development: 

Using Structured Techniques and Relational Technology 

Chris Gane (Prentice Hall, Englewood Cliffs, N.J., 1989, 200 pp., $30) 


Literature integrating structured sys¬ 
tems analysis with fourth-generation 
languages, relational technology, and 
computer-aided software engineering 
remains very rare. This book makes a 
real effort to fill this gap by drawing 
from the author’s extensive experience, 
qualifying it as one of the first books 
on automated structured system analy¬ 
sis. 

Chris Gane is best known as the 
coauthor (with Trish Sarson) of Struc¬ 
tured Systems Analysis: Tools and 
Techniques (Prentice Hall, 1979). An 
innovator in his field, Gane is also the 
principal developer of the Stradis de¬ 
velopment methodology (marketed by 
McDonnell Douglas). This latest book 
thus marks a decade of usage and en¬ 
hancements to Gane’s original prin¬ 
ciples. 

Gane’s thesis combines development 
techniques for quality information sys¬ 
tems with a more rapid process, result¬ 
ing in faster production of good quality 
systems. His new seven-point approach 
addresses the managerial and technical 
aspects of development while minimiz¬ 
ing the risk of failure. 

Not surprisingly, the bulk of the text 
is dedicated to systems analysis prin¬ 
ciples and clearly reflects the disci¬ 
pline’s maturation. Logical modeling is 
based on a single-sheet, systemwide 
dataflow diagram similar to an engi¬ 
neering blueprint. Gane introduces an 
enhanced notation to allow inclusion of 
more modem system features. Entity 
relationship analysis and normalization 
(ideally to fourth normal form) help 
improve this model, which can be par¬ 
titioned and specified as procedure 

Gane then gives considerable atten¬ 
tion to choosing an effective executive 
sponsor for the project and creating the 
right management structure. This sec¬ 
tion is my favorite and should be read 
by top management in any organization 
embarking on a new project. The old- 
fashioned interview is replaced by a 


group interview technique, saving con¬ 
siderable time and enhancing user sat¬ 
isfaction. 

The next chapters address the crea¬ 
tion of the system tables using a rela¬ 
tional database and their manipulation 
using a fourth-generation language to 
derive a stable application quickly. Us¬ 
ers can exercise the application as a 
prototype at this stage. Gane provides 
particularly effective, detailed ex¬ 
amples in a relational query language 
(SQL) and a fourth-generation lan¬ 
guage (Oracle), 

Although Gane advocates the use of 
computer-aided software engineering 
tools in developing the logical model, 
they receive insufficient treatment. His 
description of reverse engineering and 
its relationship to deriving the struc¬ 
ture of an existing system is similarly 
brief and disappointing. 

My personal interest is in prototyp¬ 
ing complex systems for rapid systems 
development, so I was quite excited at 
the sight of a book dealing with rapid 
techniques. My enthusiasm abated as I 
browsed through the overview and dis¬ 
covered only two pages on prototyping. 
Considering that controlled prototyping 
is part of Gane’s plan for rapid devel¬ 
opment, I would have expected further 
coverage in the body of the text. 

Gane dismisses most forms of proto¬ 
typing due to the high risk of failure 
and suggests that most projects using 
prototyping fail. The only form of 
prototyping acceptable to Gane is the 
refinement of the minor details of 
screen layouts (which is also very 
risky). 

Gane does not mention the important 
issues of maintainability, quality assur¬ 
ance, and configuration management, 
which are even more pertinent in rapid 
development. Even worse is his treat¬ 
ment of the implementation phase, 
where he compares top-down and bot¬ 
tom-up implementation and recom¬ 
mends the former for all projects! Gane 
again treats this part of his rapid devel¬ 


opment principles in just two pages. 

I would expect more directions and 
guidelines to these issues in a book of 
this kind. While some references could 
have alleviated these omissions, there 
are only 16 references in the entire 

Generally, I find Gane’s framework 
difficulty to follow, since parts of it 
are scattered all over the book. Clearer 
interfaces between the different phases 
and a more ordered structure would aid 
the reader. Without a proper discussion 
of the later phases (such as implemen¬ 
tation), this approach is not complete. 
Readers will be forced to find a refer¬ 
ence to such a discussion or to use 
their own current methods to comple¬ 
ment it. 

This text could accompany seminars 
on structured analysis, relational data¬ 
bases, or development using a fourth- 
generation language. It could also 
serve as a general reference for profes¬ 
sionals in one of these fields or for se¬ 
lective classroom use. Most chapters 
are supplemented by practical or think¬ 
ing exercises, leading the reader to re¬ 
flect on his or her own experience. A 
good index and an excellent glossary 
appear at the end of the text. 

Gane’s down-to-earth style makes 
this a readable book. The reader will 
gain an insight into the practice of 
modem structured system analysis and 
the use of relational databases. The 
book’s scope is limited to the informa¬ 
tion-processing community, where it 
can provide interesting reading for 
managers, programmers, and analysts. 
The author recommends some technical 
familiarity with computers, although 
no knowledge of programming is re¬ 
quired. 1 recommend this book to any¬ 
one seeking to update his prior knowl¬ 
edge of analysis and keep abreast of 
future trends. 

Darren Dalcher 

King’s College, 

University of London 
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The Programmer’s Survival Guide: 

Career Strategies for Computer Professionals 

Janet Ruhl (Prentice Hall, Englewood Cliffs, New Jersey, 1989, 280 pp., $16.95) 


This is a serious, no-holds-barred 
text that shows the mainframe, busi¬ 
ness programmer how to control his or 
her own career. Ruhl demonstrates that 
the reader has a choice between dumb 
luck (and probable career dissatisfac¬ 
tion) and intentional planning. 

As I read this book, I saw how my 
early career followed the dumb-luck 
paths Ruhl describes. I was one of the 
lucky ones over whom Providence 
watched. Many of my friends might 
still be in the business if they had had 
my luck or, even better, this book. 

It is hard to describe an audience for 
this book. My fear is that the intended 
audience, the early college students 
who can most use the tough but oh-so- 
gentle guidance, might not be ready for 
it. Readers of this text are perhaps 
more likely to be experiencing the 
symptoms of burnout that Ruhl is 
trying to help them avoid. 

In her introduction, Ruhl states: 
Other books can teach you how to pro¬ 
gram computers. The purpose of this book 
is to teach you how to be a successful 
computer programmer. . . . Yet because 
this field is so new the person who is 
thinking about entering it has very few 
people he can look to as role models. . . . 
The only way for most people entering a 
programming career to find out how to go 
about it properly has been by trial and 

Ruhl aims to help readers avoid the 
trial-and-error method, and she hits her 
target right on the money. 

The Programmer's Survival Guide is 
divided into three coherent and logical 
sections. Part 1 deals with getting 
started in the mainframe programmer 
world. Ruhl calls it an “apprentice¬ 
ship.” 

Part 2 discusses where to go from 
there, exploring such noncorporate ca¬ 
reer paths as consulting, contracting, 
entrepreneurship, teaching, and sales. 
These paths are alternatives to the 
large corporations that normally have 
the large mainframes Ruhl’s audience 
would work on. 

Part 3 returns to the beginning and 
deals with how to land the first few 
jobs in the “apprenticeship.” Shop 
sizes and vendors, languages and envi¬ 
ronments, the applications themselves, 
and the corporate cultures are cited as 
early considerations that can affect 
later career alternatives. 

Excellent caveats abound in this 
book. All are the result of Ruhl’s own 


career experiences and, to a large ex¬ 
tent, are borne out by my own. For in¬ 
stance, she indicates the need to under¬ 
stand management. If you don’t have 
the understanding, get it at once. 
Knowing from whom you take direc¬ 
tion may not be the same as knowing to 
whom you relate; many of us take di¬ 
rection from others than our immediate 


Ruhl presents an 
impressive array of 
alternatives, suggestions, 
guidance, and warnings. 


supervisor. Ruhl cautions the reader 
that these others are not the ones who 
write our performance evaluations or 
give us raises. 

Think like a business person, she 
warns, and do the best job you can on 
any assignment, no matter how menial 
it might seem. We typically live with 
the reputation we get in the first six 
weeks on the job. This is especially 
emphasized in the chapter on job hop¬ 
ping, which Ruhl describes as “a pro¬ 
grammer tradition.” 

Ruhl lays it on the line in the section 
on consulting, but she does not dispar¬ 
age consultants in any way. Rather, she 
points out the pitfalls ready to trap un- 


This book disappointed me. A clear 
guidebook outlining a method for 
specifying nontrivial software using 
abstract data types is long overdue. 

This is not that book. 

My first disappointment was that the 
targeted audience is not software prac¬ 
titioners, but first- and second-year 
computer science undergraduates with 
no exposure to abstract data types 
(ADTs). In fact, I can’t even recom¬ 
mend this book to its target audience. 

A student approaching specification us¬ 
ing ADTs for the first time faces sev¬ 
eral difficulties. For one, the material 
is scattered about in various research 


wary venturers on this career path. One 
topic Ruhl covers well is the effect on 
independent programmers and others of 
Paragraph 1706 of the Tax Reform Act 
of 1986. This one small paragraph has 
brought more distress to programmers’ 
career choices than the threat of self¬ 
programming computers. Her explana¬ 
tion of its content, and of program¬ 
mers’ available responses to it, is a 
major contribution to those considering 
noncorporate career alternatives. Even 
those of us who teach independently 
are affected by the ambiguity of Para¬ 
graph 1706. 

This text is excellent. Ruhl presents 
an impressive array of alternatives, 
suggestions, guidance, and warnings, 
and a bit of philosophy. If I had had 
this book when I started my career, I 
probably would have ended up right 
where I am now — but by choice and 
intent, not dumb luck. 

If you think your career might in¬ 
clude large, mainframe programming, 
buy this book. If you are in a program¬ 
ming career that appears to have no 
light at the end of the tunnel, buy this 
book. If you are a guidance counselor 
in a high school or college, buy this 
book. If you are a parent of a budding 
computer genius, buy this book. 

John W. Horch 

Madison, Alabama 


papers that discuss specification exclu¬ 
sively and in programming language 
and data structures textbooks that deal 
with representational issues. In addi¬ 
tion, motivation is usually lacking. 
Why bother with abstract data types? 
Why introduce nonintuitive descrip¬ 
tions for such familiar structures as 
stacks and queues? Furthermore, de¬ 
spite its elegance, Guttag’s method of 
axiomatic specification can seem quite 
unnatural at first. Usually, no guidance 
is given on choosing axioms. Finally, 
those not familiar with Lisp or recur¬ 
sive functions may be uncomfortable 
with functional notation. This book ei- 


Abstract Data Types: 

Their Specification, Representation, and Use 

Pete Thomas, Hugh Robinson, and Judy Emms (Oxford University Press, New 
York, 1988, 256 pp., $59.95 cloth, $26.95 paper) 
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ther ignores or poorly treats each of 
these issues. 

The first chapter is an 11 -page intro¬ 
duction to software engineering, the 
software life cycle, software reusabil¬ 
ity, specification, and abstraction. 

These concepts are illustrated by an in¬ 
formal introduction to the stack ADT. 
Though the approach is admirable, the 
introduction quickly degenerates to 
generalities at best, and wholesale mis¬ 
conceptions at worst. For instance, the 
authors claim that “there is general 
agreement” that the waterfall model 
appropriately models the software 
process. Should a computer science 
student be introduced to an established 
but hotly contested concept as if it 
were accepted truth? If one of the wa¬ 
terfall’s competitors becomes more 
popular and replaces it, the student’s 
foundation will be uprooted. 

The second chapter describes axi¬ 
omatic and constructive approaches to 
the formal specification of ADTs, dis¬ 
cussing syntax, semantics, and pre- and 
postconditions. Unfortunately, the 
method and notation problems men¬ 
tioned above remain. 

The real strength in this chapter, as 
in Chapters 3-7, is its design. As the 
cover notes state, the book was de¬ 
signed as a self-study text with more 
than 100 exercises with fully worked 
solutions. I found this feature helpful. 
Also, the authors’ manner of present¬ 
ing specifications proceeds from im¬ 
precise to precise specifications, just as 
the student will be called to do. This is 
a welcome change; too often we are 
only presented finished products. 

The bulk of this book resembles the 
treatment of ADTs in data structures 
texts. However, this book is explicitly 
based on specification, so it deals with 
transformation of a specification into 
an implementation. Moreover, the au¬ 
thors compare UCSD Pascal, Modula- 
2, and Ada for suitability, rather than 
choosing one language as the imple¬ 
mentation language, as most texts on 
data structures do. I found the style in¬ 
sightful; the authors present an ex¬ 
ample, followed by a discussion of an 
approach’s merits and drawbacks, and 
a list of issues. The book is distin¬ 
guished by its section on information 
hiding, but the student is never pointed 
to Pamas’ original (and quite acces¬ 
sible) work. This is one of the scant 
bibliography’s many important omis¬ 
sions. 

The remainder of the book was the 
major disappointment. Too many texts 
offer no clue of how to specify an ADT 
that is not obviously related to stacks, 
queues, or trees. It is often unclear how 
to carry over the technique to more 


complex objects. The authors attempt 
to balance their treatment. The applica¬ 
tions in Chapter 8 are sufficiently real¬ 
istic, but the discussion becomes 
briefer as the applications grow more 
complex. The first application, a tele¬ 
phone directory, is the common dic¬ 
tionary ADT. The specification is pre¬ 
sented incrementally; as often happens 
in practice, new requirements are de¬ 
veloped as a result of experience with 
the old. Unfortunately, as also often 


No computer science 
student should be 
subjected to superficial 
treatment of such an 
important subject. 


happens in practice, the representation 
is prematurely limited by an implicit 
specification: that the items in the di¬ 
rectory are ordered alphabetically by 
name. 

After representation and specifica¬ 
tion are confused, the process becomes 
even more obscure. The subsection on 
representation contains just two sen¬ 
tences. It begins, “We shall represent a 
directory as a linked sequence of rec¬ 
ords.” But the authors give no indica¬ 
tion why they take this approach. By 
the time we get to the last application, 
a database, we go from description to 
specification to implementation, with a 
brief tutorial on relational databases, in 


A copy of this book, lying on my 
desk, caused a student to ask how long 
1 had been interested in making music. 
Since I never have been, I had diffi¬ 
culty making the connection. If your 
mind also makes a strong connection 
between synthesizers and music, it 
might help to know that the Synthe¬ 
sizer Generator generates program syn¬ 
thesizers. A program synthesizer, of 
course, synthesizes programs. 

The use of the word “synthesizer” 
is this context seems to have begun 
with the Cornell Program Synthesizer, 
a language-based editor for a small 
subset of PL/1 combined with an incre- 


just six pages. Rather than providing 
balance, this treatment obscures the re¬ 
lation between simple and more com¬ 
plex ADTs. 

The final chapter, purporting to in¬ 
troduce object-oriented program de¬ 
sign, should have been omitted. There 
is already too much confusion regard¬ 
ing the relationship between ADTs and 
object-oriented programming. To add 
to the confusion, the “technique” of 
object-oriented program design pre¬ 
sented here bears an uncanny resem¬ 
blance to Jackson system development. 
The “object table” looks like the JSD 
entities list, the “extended object 
table” is just a JSD action list, and the 
“operations table” is no more than 
JSD action descriptions. Even the ex¬ 
ample (maintaining a bank account) 
and the exercise (a warehouse applica¬ 
tion) will seem familiar to readers of 
System Development (Michael Jackson, 
Prentice Hall, 1983). The authors do 
not mention Jackson or JSD, however. 
They go on to claim that the majority 
of object-oriented programming lan¬ 
guages have their roots in Smalltalk 
(no mention of Simula), yet the bibli¬ 
ography cites no works on Smalltalk. 

No computer science student should 
be subjected to superficial treatment of 
such an important subject. Since this 
book offers little in the way of guid¬ 
ance, interesting examples, or refer¬ 
ences for further study, readers must 
ask if the 100 exercises are sufficient 
justification for purchasing this book. 

David Taylor 

Cullinet Software 


mental compiler and an interpreter. 

The Synthesizer Generator can create 
language-based editing environments 
from a specification of the language’s 
abstract syntax, context-sensitive rela¬ 
tionships, display format, concrete in¬ 
put syntax, and transformation rules 
for restructuring programs. 

The book emphasizes the specifics of 
the Synthesizer Generator but contains 
enough general information to make it 
worthwhile reading for those interested 
in the construction of language-based 
editors and incremental compilers. 

After an introductory chapter, the 
book begins with a sample editing ses- 


The Synthesizer Generator: A System for 
Constructing Language-Based Editors 

Thomas W. Reps and Tim Teitlebaum (Springer-Verlag, New York, 1989, 317 
pp„ $39.20) 
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sion using an editor generated for a 
simple Pascal-like programming lan¬ 
guage. The example session enters a 
small program and shows the display 
screens that result from various syntac¬ 
tical errors. This sample language and 
editor (or minor variations) are the ba¬ 
sis for several later chapters that show 
how the editor is specified in Synthe¬ 
sizer Specification Language (SSL), 
the input language for the Synthesizer 
Generator. 

As the authors explore different as¬ 
pects of the editor’s specification, they 
explain related areas, such as the algo¬ 
rithmic basis of the Synthesizer Gen¬ 
erator and the specification of alterna¬ 
tive behaviors for the sample editor. As 
an example of the latter, the authors 
show how to write the SSL attribute 
equations so that a generated editor can 
detect type errors in program state¬ 
ments using the program’s declara¬ 
tions, automatically produce declara¬ 
tions using the program’s statements, 
or compare the program’s declarations 
with declarations automatically pro¬ 
duced from program statements for 
consistency. 

Any user of language-based editors 
knows that the restrictions imposed by 
structure-based editing become unduly 
cumbersome at times. For example, I 
have abandoned an otherwise accept¬ 
able PC-based Modula-2 system be¬ 
cause its language-based editor was too 


unpleasant and there was no usable 
provision for accepting textual input. 
One of the strengths of the Synthesizer 
Generator is its ability to construct hy¬ 
brid editors — editors that accept a mix 
of structural and textual editing. The 
book’s material on both general and 
Synthesizer Generator-specific hybrid 
editors is interesting. 

Among the other topics are practical 
tips for editor construction, a fairly 


The input language’s 
syntax is difficult at best, 
and the book contains a 
great deal of SSL code. 


general discussion of incremental com¬ 
pilation, and a discussion of the Syn¬ 
thesizer Generator’s structure. Support¬ 
ers of the proof-of-correctness school 
of programming will be pleased to find 
a chapter on interactive program verifi¬ 
cation, showing the construction of an 
editor that permits a programmer to 
create and modify program proofs. 

Readers should have knowledge of 
formal grammars, compiler construc¬ 
tion techniques, and function-based 
languages before starting the book, al¬ 
though the last area is not strictly nec¬ 
essary. 


The book is interesting overall, but it 
is strongly connected to the Synthe¬ 
sizer Generator and SSL. SSL’s syntax 
is difficult at best, and the book con¬ 
tains a great deal of SSL code. Later 
chapters contain large doses of it, and 
the reading becomes quite difficult. 
Readers with access to the Synthesizer 
Generator software and who have writ¬ 
ten some code using SSL will find 
these later chapters easier than those 
who have not. 

The authors have succumbed to the 
“word-processing style” of writing. 
The entire book contains only one 
genuine figure, a drawing of an attrib¬ 
uted tree. The other “figures” are sim¬ 
ply text surrounded by boxes. Several 
of the book’s very wordy descriptions 
could have been replaced or nicely sup¬ 
plemented by illustrations. 

On balance, the book is worthwhile, 
even if the Synthesizer Generator soft¬ 
ware is not available to the reader. 

That a working system has been con¬ 
structed lends weight to the authors’ 
words. The book, combined with the 
software, is also worth considering as a 
supplement to several courses, includ¬ 
ing those on programming languages, 
compiler design, or system software. 


Walter G. Piotrowski 

State University of New York at 

Binghamton 


CASE is Software Automation 

Carma McClure (Prentice Hall, Englewood Cliffs, N.J., 1989, 290 pp„ $33) 


Readers familiar with the writings of 
James Martin might know Carma 
McClure as his coauthor on several 
books. McClure’s current book, CASE 
is Software Automation, is an introduc¬ 
tion to computer-aided software engi¬ 
neering technology. The book explains 
what CASE is, the components of a 
CASE system, how CASE improves 
software productivity, and the relation¬ 
ship of CASE to other technologies. It 
is a survey-level book that succeeds in 
reaching all three of its intended audi¬ 
ences — students, practitioners, and 
managers. 

A revolution in systems design and 
development took place from the 1960s 
to the 1980s, from the early days of 
structured programming as espoused by 
the likes of Hoare, Wirth, and Pamas, 
to the advent of structured analysis and 
design by DeMarco, Yourdon, Jackson, 
and others. CASE tools seem destined 
to change the way software engineers 


perform their work in the 1990s by 
automating methodologies for the 
analysis, design, and coding phases of 
the software development life cycle. 
Automation of the trade has been 
willy-nilly, but integrated tools that 
couple automation to software design 
and development are becoming avail¬ 
able at a price that soon will allow 
small software houses and independent 
software vendors to take advantage of 
them. As greater productivity and qual¬ 
ity become necessary, software ana¬ 
lysts and engineers must look to better 
tools and techniques to assist them in 
developing systems. CASE tools hold 
this promise. 

A brief, useful introductory chapter 
presents key definitions along with a 
bit of history, after which the book 
segues into an excellent section on the 
components of CASE systems. For the 
technical practitioner, this section 
alone makes the book worth buying. 


The essential nature of structured dia¬ 
gramming techniques is explained in 
great detail. Examples of structured 
diagrams are sprinkled throughout, 
providing both a refresher for those 
who have forgotten and an introduction 
for the inexperienced. 

The author goes further and points 
out three diagram types she feels are 
needed to represent a software system: 
dataflow, data model, and tree struc¬ 
ture. These are labeled the “essential 
trio” and represent a good minimum 
set that any CASE tool should provide. 
The author also outlines a base level of 
functionality that a well-designed 
CASE package should provide. Readers 
could easily generate a baseline for 
comparing packages from this section. 

Methodology support is crucial for 
this class of tools. The author describes 
the most widely used techniques in a 
chapter that’s a one-stop shopping ref¬ 
erence. Methodologies covered include 
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structured analysis, Yourdon structured 
design, Jackson program design, Mar¬ 
tin information engineering, and data- 
structured system development. Further 
technical discussions center on catego¬ 
ries of CASE tools, such as toolkits, 
workbenches, and methodology com¬ 
panions. Lists cleanly delineate the 
categories and present the possible 
components of each type of CASE tool. 
This section provides two valuable fea¬ 
tures to the technical reader: a ready 
reference on diagrams and methodolo¬ 
gies and a source of content-evaluation 
criteria for CASE tools. 

McClure shifts her attention to man¬ 
agement-level readers in the third sec¬ 
tion, presenting case studies on CASE 
and CASE implementation plans. 

These chapters would allow mid-level 
management readers to develop posi¬ 
tion papers on CASE tools. Added in¬ 
formation on life-cycle changes com¬ 
bined with the implementation data 
would enable a manager to fend off 
upper management’s expectation of in¬ 
stant results while also avoiding tech¬ 
nical staff resistance to important 
changes in the workplace. The material 


relating CASE technology, fourth- 
generation languages, and artificial in¬ 
telligence is one more plus. 

Some of the material becomes more 
controversial as the author develops 
the characteristics of software automa¬ 
tion, especially in the section on auto¬ 
matic code generators and executable 
specification languages. This is not a 
criticism of the book but a pointer to a 
research topic in which key questions 
remain unanswered (see Fred Brooks' 
"No Silver Bullet," Computer, April 
1987). 

The chapter on user interfaces offers 
a short, thorough explanation of user- 
centered environments. The sections on 
help, on-line documentation, and intel¬ 
ligent tutoring systems strike a nice 
balance between detail and summary 
information. A list of basic software¬ 
engineering principles any serious stu¬ 
dent or professional ought to know ex¬ 
emplifies the little gems found 
throughout the book. 

The author mentions software chips 
and software reusability in closing, but 
the lack of serious material in this area 
is noticeable and references to related 


literature are absent (see Brad Cox's 
Object-Oriented Programming: An 
Evolutionary Approach, Addison- 
Wesley, 1986). 

The text is supported by consistent 
and well-executed use of sidebars, 
lists, code fragments, and example 
charts and diagrams. This makes it pos¬ 
sible for practitioners and managers 
alike to see the desired capabilities of a 
CASE tool. The analyst or engineer can 
use this book to generate evaluation 
criteria, and the manager can use it to 
create an implementation plan and 
champion it within an organization. 

Any book intended for a wide audi¬ 
ence will not cover some topics in the 
depth a particular reader might like; 
that is true here. This is not a weakness 
for a survey, but I would have expected 
object-oriented techniques to get more 
attention than they did. Still, any prac¬ 
titioner or manager considering CASE 
tools will benefit from this book. 


Philip Taylor, 
software consultant 
Alexandria, Virginia 


NEW LITERATURE 


Solving problems. Written in non¬ 
technical language with extensive diag¬ 
nostic checklists, the Handbook of 
Diagnosing and Solving Computer 
Problems (hardcover: ISBN 0-8306- 
9233-9, $25.95; softcover: ISBN 0- 
8306-3233-6, $16.60; 276 pp.) by Wil¬ 
liam E. Perry is designed to help DP/ 
MIS managers find workable solutions 
to the 10 most common computer prob¬ 
lems, including problems associated 
with reluctant vendors, changing sys¬ 
tem demands, system misuse, software 
bugs, incomprehensible technical 
staffs, and limited system capacities. 

Contact Tab Professional and Refer¬ 
ence Books, Blue Ridge Summit, PA 
17294-0850, phone (800) 822-8138. 

Ada AI. Aimed specifically at expe¬ 
rienced programmers beginning work 
in AI development, Artificial Intelli¬ 
gence with Ada (ISBN 0-07-003350-1, 
361 pp., $39.95) by Louis Baker ex¬ 
plains how AI works, shows Ada appli¬ 
cations, and describes how to develop 
AI applications for embedded systems. 
The book includes full coding in Ada 
(about 8,000 lines) and information on 
backward- and forward-chaining expert 
systems shells and on an ATN natural- 
language parser. 


Contact McGraw-Hill, 11 W. 19th 
St., New York, NY 10011, phone (800) 
262-4729. 

Computer law guide. The Guide to 
Computer Law from Commerce Clear¬ 
ing House is a two-volume, loose-leaf 
publication offering “plain English” 
treatment of such areas as the histori¬ 
cal sources of computer law, federal 
statutory sources, and international in¬ 
tellectual property law. The guide will 
be updated twice a month to accommo¬ 
date additional topics and new court 
decisions, current state and federal leg¬ 
islation, proposed regulations, rulings, 
circulars, presidential proclamations. 
White House messages, and other ma¬ 
terial bearing on computer law. 

Charter subscriptions for one or two 
years are available for $225 a year. 
Contact Commerce Clearing House, 
4025 W. Peterson Ave., Chicago, IL 
60646, phone (312) 583-8500. 

Expert systems. Expert Systems in 
Electronics, a report from Electronic 
Trend Publications, is designed to help 
executives and managers of engineer¬ 
ing, marketing, production, MIS, and 
administrative groups in the electronics 
industry understand how expert sys¬ 


tems can fit into their organizations. 
The report also covers key applications 
being developed and implemented, as 
well as alternative approaches for de¬ 
veloping an internal expert system ca¬ 
pability. 

For more information on the $795 
report, contact Electronic Trend Publi¬ 
cations, 12930 Saratoga Ave., Suite 
Dl, Saratoga, CA 95070, phone (408) 
996-7416. 

Video newsletter. Joel Orr's World 
of Technology, a monthly video 
“newsletter” featuring National Com¬ 
puter Graphics Association President 
Joel Orr, is being produced by the 
CADD/CAM Institute through the S. 
Klein Library on Computer Graphics. 
Each VHS-format tape is 30 minutes 
long and is sent the first week of each 
month. Topics include developments in 
CADD and CAM, new workstations, 
supercomputers, networking issues, 
fundamental innovations, and execu¬ 
tive productivity tools and information 
systems. 

A free brochure is available from 
Customer Service, S. Klein Library on 
Computer Graphics, 730 Boston Post 
Road, Sudbury, MA 01776, phone 
(800) 666-4727. 
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Breakthrough in presentation of simulation results 
SIMSCRIPT II.5 with SIMGRAPHICS 
Now you see an animated picture of the system 
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Free trial and training 

See for yourself how simulation 
results are now easier to understand. 

The free trial contains everything 
you need to try SIMGRAPHICS™ 
on your computer. 

We send you SIMSCRIPT II.5, 
animated models, and complete 
documentation. You can build your 
own model or modify one of ours. 

Try the SIMSCRIPT II.5® lan¬ 
guage, the timeliness of our support, 
the accuracy of our documentation, 
and the facilities for error checking- 
everything you need for a successful 
project. 

For 26 years CACI has provided 
trial use of its simulation software- 
no cost, no obligation. 

Act now for free training 

For a limited time we will also in¬ 
clude free training. 

For immediate information 

Call Hal Duncan at (619) 457-9681, 
FAX (619) 457-1184. In Europe, call 
Richard Eve on (01) 528-7980, FAX 
(01) 528-7988. 


Rush information on SIMSCRIPT 11.5 
with SIMGRAPHICS 

Limited offer-return the coupon today 
and we will also include one free course 
enrollment worth $950. 

□ Send information on your Special 
University Offer. 


Computer Operating System 


CACI Products Company 
3344 North Torrey Pines Court 
La Jolla, California 92037 

Call Hal Duncan at (619) 457-9681. 
FAX (619) 457-1184. 

In Europe: 

CACI Products Division 

Regent House, 89 Kingsway 

London, WC2B 6RH, United Kingdom 

Call Richard Eve on (01) 528-7980. 
FAX (01) 528-7988. 


SIMSCRIPT II.5, NETWORK II.5, SIMFACTORY II. 
SIMGRAPHICS are registered trademarks and service i 





























